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ABSTRACT 
An introduction to the use of the empirical methods for the 
prediction of the molecular rotation [1i]and linkage rotation [_A_] of 
carbohydrates is given. From knowledge of conformations the major 
factors determining the sign of the optical rotatory dispersion 
(cored.) curves and the first circular dicbroisrn (c.do) band of 
unsubstituted sugars are considered. The o.r0d. and c.d. of polysaccharides 
and polysaccharide derivatives containing accessible chromophore s are 
discussed. 
In Section A of this Thesis the variation with temperature of 
the compensated molecular rotation (corner.) of a series of monosaccharide 
methyl glycosides has been rneasuredin water, dimethyl sulphoxide and 
dioxan and compared with Reeves' earlier measurements in N NaOH. The 
change in the c.m.z'. values with temperature and solvent cannot be 
rationalised solely by changes in the conformational equilibria around 
the C(5) - C(6) and C(i) - 00H3 bonds. An explanation is given in 
terms of changes in the empirical parameters used to estimate monosaccharide 
molecular rotations. The change in the c.m.r. values on replacing water 
by any other simple solvent are greater than those obsErved on inter-
changing other simple solvents. A possible explanation for this is 
given in terms of the theoretical description of dilute aqueous solutions 
of simple carbohydrates. 
The variation of []D with temperature has been measured for 
several disaccharides in the solvents mentioned. For a—linked 
disaccharides in water it is suggested that the molecules spend 
considerable time in "folded" conformations where the hydrophobic 
glucose surfaces are screened from solvent. 	This is not possible 
for 3—linked disaccharides. The anomalous [tQbslD for cyclohexaamylose 
is explained by an "intramolecular inclusion complex" in which one 
linkage approaches a folded conformation. The consequences of these 
suggestions on the conformations of —l 14—linked oligosaccharides and 
amylose are also discussed. 
In Section B of this Thesis it is shown that c.d. has great 
scope for alginate characterisation. A rapid, sensitive, non—destructive 
method for the estimation of alginate composition is given. Moreover 
both guluronate and manriu.ronate residues can occur in the chains between 
two like or two unlike residues and this has predictable second order 
influences on the spectra. By mixing the "canonical spectra" of the 
three types of block found in alginates, using a computer, alginate 
spectra can be accurately reproduced giving a direct 'index of block 
structure. 
Using calcium alginate as a model the use of c.d. to characterise 
the specific interactions between polysaccharide polyelectrolytes and 
inorganic cations has been explored. Alginate gelation has been 
studied by diffusing divalent metal ions directly into a c.d. cell 
filled with alginate solution. The striking spectral changes which 
occur elucidate the cooperative mechanism for the formation of the 
gel network by association of like regions of the chains into 
ordered bundles. An explicit chemical structure is also proposed 
for these "microcyrstallite" regions which is in very good agreement 
with other experimental evidence. 
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GENERAL INTRODUCTION 
GENERAL INTRODUCTION 
The extraordinary sensitivity of the closely related 
chiroptical techniques of optical rotatory dispersion (o.r.d.) 
and circular dichroism (c.d.) to the 3-dimensional geometry of the 
molecules under observation makes them extremely valuable tools 
for gaining information about molecular structure and conformation. 
Unfortunately, although the theory is quite well understood in 
general terms, we do not yet have a detailed enough understanding 
to predict spectra from shape accurately, except in a few extremely 
limited cases, and must, therefore, rely on more empirical 
approaches. Such methods have been most widely used in chemistry 
of natural products, but although carbohydrates were to the fore 
in demonstrating their usefulness (Hudson 19091, Harris, Hirst 
and Wood 1934 2) they have contributed little to the fundamental 
theory compared with recent developments in the steroid field. The 
main reasons for this are a scarcity of suitable chromophores in 
unsubstituted carbohydrates and the complexity of the stereochemical 
problem, due to possible interconversion between the less rigidly-
defined carbohydrate conformations. 
Both techniques give essentially the same information and 
examine the differences in the interaction of left and right 
circularly polarised light with the electrons of dissymmetric 
molecules 394 ; optical rotation is a measure of different rates of 
propagation, while c.d. arises from differential absorption. 
Optical Rotation at a Single 7iavelength  
The electric 'rector of plane-polarised light is composed of 
two electric vectors of equal amplitude (ER and EL),  for right and 
left circularly polarised light, which make equal angles with the 
2 
axis of propagation W. On passing through an optically active 
medium, light of one helical sense, EL say, is slowed down relative 
to the other and on emerging the vectors no longer make the same 
angle with the x axis. This leads to rotation of the plane of the 
polarised light, as shown in fig. 10 
Optical rotations are generally measured in solution and the 
"specific rotation [J" of a compound is defined as 
P-1 TemD. of measurement 	 4 x 100 
A, wavelength of measurement 	1 x c 
where ok is the observed rotation, 1 is the length of the sample 
tube in decimetres and c is the concentration of the solution in 
g/lOO ml. In quantitative comparisons of different compounds it is 
more convenient to use the "molecular rotation [M]"; 
Molecular rotation [M] = 	[] x mol. weight 
100 
In some publications, however, particularly in carbohydrate chemistry, 
the product is not divided by 1000 
Monosaccharides 
The earliest and best known of the rules correlating 
optical rotation with carbohydrate configuration are Hudson's "rules 
1 of isorotation" 	They apply to derivatives of pyranose sugars and 
assume that the rotation of each anomeric form of corresponding 
derivatives is the sum of two independent contributions. 
Anomerisation causes the contribution which is characteristic of 
0(1) to be reversed in sign but does not change the contribution 
dependent on the configuration from 0(2) onward. Quantitative values 




Fig. 1(a) Superposition of the electric 
Vectors for left and right circularly polarised 
light before entering an optically active sample. 
Fig. 1(b) 	Superposition on leaving the 
optically active sample; this shows the rotation 
of plane polarised light by delay of one 
circularly polarised component relative to the 
other. 
5 
sugars with an axial group at C(2) tim valuos aro constant but very 
different from those expected. This discrepancy has provoked much. 
speculation but can be readily explained by later theories 5 . 
Kauzmann 6 recognised the fundamental unsoundness of the Van't 
Hoff superposition principle, and Hudson's rules which were derived 
from it, and pointed out that the quantum theories suggest that 
optical rotation is a result of the modification of electron motions 
by interactions between groups. The terms to be considered, in 
summing the interaction effects between groups, are of the type AD 
("pairwise interactions"), ABC ("three—way interactions"), ABOD 
("four—way interactions") and so on. 
An important empirical development, which only considered one 
type of interaction, was made by \iffen7 , who proposed that the 
observed rotation of a carbohydrate molecule could be regarded as the 
algebraic sum of partial rotatory contributions due to various 
conformational elements of assymmetry arising from chains of four atoms 
such as UC—OX (fig. 2). The value of these contributions would depend 
U . 
Fig. 2 Looking along the connecting carbon - carbon 'send 
on tho uio of tho anglo Q and was given by an tXp1eC.LOn of the 
001 
type 	a1 sin (Q); but by the conformational assumptions made. 
Q was restricted to + 	or 7. Empirical values were assigned 
to combinations of these cbntributions which allowed a fairly 
accurate estimation of the net rotation of various cyclic sugars 
and cyclitols. The main features of this approach are given in more 
detail in Appendix I along with an example of its use in the 
calculation of monosaccharide molecular rotations. 
• 	This empirical approach was extended by Brewster 8 to apply 
to a wide range of cyclic and acyclic compounds. His hypothesis was 
that " a centre of optical activity can be described as an 
assymmetric screw pattern of polari'sability" and it distinguished 
three different ways in which this could arise. 
(a) "Atomic assymmotry" where if the sole source of assymmetry 
was the atom X in a compound X ABCD(fig. 3) the net rotation of 
a randomly oriented assembly of molecules would be dextro for the 
Fig. 3 
7 
configuration where the polarisability decreased in the order 
A>B'C ' D. The earlier empirical rules of Marker 9 were equivalent 
to this assumption but such contributions were small and were more 
likely to apply under conditions where types (b) and (c) did not 
arise. For the determination of cyclic carbohydrate rotations 
Brewster neglected these contributions. 
"Conformational assymmetry" whose contributions to the optical 
rotation of a molecule were dealt with in a manner very similar to 
that of Whifferi except that more explicit rules were given for 
computing the magnitudes of the contributions by given pairs of groups. 
"Permolecular assymmetry" due to the inherent axis of polarisability, 
in a carbohydrate ring, which passes through the oxygen atom and CO). 
The presence of dissimilar axial groups at c(i) and C(5) or at C(2) and 
C(4) would introduce a further axis of polarisability difference in 
each case which would form a screw pattern of polarisability with the 
axis of the ring. 
In hexopyranose rings the rotational assymmetry of the 
hydroxymethyl group at C(5) necessitated a further empirical correction 
and also the large correction of 1050  in molecular rotation was found 
for the rotational assymmetry of the glycosidic methyl group at C(l) 
(dextro for an a(—D_form; levo for a 3—D-.form). 
Brewster compared his own and Whiffen's calculated values, for 
carbohydrates and their derivatives, with the observed rotations and 
concluded that a wide range of constants could be employed when this 
series was considered alone. Although ?ihiffen's constants gave 
slightly more accurate results Brewster's values allowed the series 
to become part of a wide range of compounds where the application of 
these empirical methods can be usefully employed. Also in considering 
permolecular effects Brewster's theory was more consistent with the 
observed origins of the contributions. Brewster's assumptions 
and values for his rotational constants are given in Appendix I 
and an example of the calculation of the molecular rotation of 
methyl-o(-D-galactopyranoside is also given. 
A more detailed evaluation of the possible application of 
pairwise interactions to the determinations of optical rotation and 
conformational analysis was carried out by Kauzmann and co-workers '°. 
Also, good agreement was found, using the above methods, between 
calculated and experimental rotations for the conformationally 
unambiguous 1,6 anhydro -43--D-hexopyranosides and their derivatives 11 . 
Lemieux and Martin 12 simplified and reduced the number of empirical 
parameters required by Whiffen's theory to calculate optical rotations 
(Appendix I) and in addition combined n.m.r. spectral and optical 
rotatory data to study the effect of solvent environment on 
13,14 conformational equilibria 	. This follows from the fact that if a 
molecule can exist in a number of different conformations each will 
make a discrete contribution to the overall spectrum. Changes in 
the populations of different conformational states with'temperature 
or with change of solvent will be reflected by changes in chiroptical 
measurements. However, changes in the temperature and solvent also 
change the contribution to the optical rotation from direct 
spectroscopic perturbations, from solvent interactions and 
intramolecular hydrogen bonding. Although these are not large enough 
to obscure large conformational changes comparable with a change in 
conformation of the sugar ring, their magnitude, as shown in Section 
A of this thesis, can be comparable to that arising from changes in 
tho cL)nfon1i:u ion of tho c( l)-O-motliyl or C(5) ll y,lroxymotliyl 
groups undor tho saiuo conditions. 
Di, Oligo and Po1ysacchtrides 
15,16 In more recent applications 	, (auzmann s aaditivity 
principles for optical rotation coupled with Brewster's empirical 
treatment in terms of screw patterns of polarisation have been 
used to empirically relate the single-wavelength optical rotations, 
of di, oligo and polysaccharides, to their solution conformations at 
the glycosidic linkage in terms of the dihedral angles 0 and 
(fig. 4). The expressions are applicable to those di, oligo and 
polymers in which the sugar residues have the D configuration 





Fig. 4 The dihedral angles Q and -. Q. 
The linkage rotation [A] for a given wavelength can be 
defined as; 
[A] = 	( ['ç] +  
where EMIJRl is the molecular rotation for a disaccharide containing 
a non-reducing (N) and a reducing (R) residue, [MN] the molecular 
rotation of the methyl glycoside of N and MRl the molecular 
rotation of the reducing sugar R. For trial purposes the 
corresponding equations for the disaccharide glycosides can be 
used to avoid any error due to differences in the mutarotation 
equilibria of R and NR. The linkage rotation represents the 
optical rotation arising from interactions across the glycoside 
linkage minus any contributions to [M1.]  and  [MR]  by interaction 
of the glycosidic methyl and the hydrogen atom lost from N and R, 
respectively, in the formation of the disaccharide 1iR. 
The empirical treatment now makes the assumption that 
only interactions between bonded atoms will contribute to [A] 
since spectroscopic perturbation of one residue by the other will 
tend to be quenched in polar, strongly hydrogen bonding solvents, 
such as water or dimethyl sulphoxide. Using Brewster's conformational 
asymmetry terms, the partial rotatory contributions from chains of 
bonded atoms, taken four at a time, will depend on the dihedral 
angle and will make positive contributions when the angl is as shown 
in fig. 2 For a 1,4 linkage for example the interaction 0(2) - 0(1) 
- 0 - 0(4') makes the contribution 
[ l]D = const x sinQ ---------(2) 
where the constant can be calculated from Brewster's conformation 
XLV8 (fig. 5) as 105 x 214 = 120 0 for the sodium D line. Summing 
' 	 ' 
this plus the contributions from ON - c(l) - 0 - c(4'), 
0(1) - 0 - C(4') - C(5 1 ) and 0(1) - 0 	0(4') - 0(3') remembering 
* 	 S 	 S 
to subtract the C 	- methyl 0 - C(l) - o(s) and Cmethyl - 0 - c(i) - c(2) 
gives an equation for [J\.] of the form: 
10 
11 
[p\ cz.1o] D 	
A - 120 (in 	0 + uin 	- - - - (3) 
C(2) 	, O r) 
1kc  
Fig. 5 Brewsters conformation XLV8 which was assigned the 
empirical value of 1050 , 
The constant A has the value A = -105 for an o linkage and A = +105 
for a 0 linkage since it is deduced from the C-methyl interactions. 
The dihedral angles, denoted AØ and A to avoid confusion with 
earlier computing conventions, are zero when the relevant C-H and 
C-0 bonds are eclipsed. 
The empirical relationship suggests that the observed 
linkage rotations will always be within the ranges Quotd in table 1 9 
but rarely approach the extremes because of the resulting steno 
compression. This reasoning is in excellent agreement with the 
observed values (table 1). 
Table  
[j\ ID 	 -linkages 	 h-linkages 
Calculated 	 -135 +345 	 -245 +135 
Observed 	 - 41 +106 	 - 61 + 83 
	
(42 observations) 	(19 observations) 
12 
Since the conformation is deduced in terms of two variables, 
and experimental measurement gives only one value, unambiguous 
interpretation is impossible. Calculation can show, however, that 
oligosaccharide crystal conformations, as might be reasonably 
expected, do not necessarily dominate in solution. The solution 
conformations suggested by n.m.r. and conformational analysis in 
terms of energy calculations can also be tested in this way. 
An example of these calculations is given in Appendix I and a more 
detailed discussion of the information which can be obtained using 
this approach is given in Chapter 2 of this thesis. 
This study16  also spectacularly demonstrates that internally 
consistent, rough predictions can be made about the average linkage 
conformations in solution by hard sphere map computer calculations. 
An increase in the number of accessible conformations result.s from the 
presence of smaller substituents next to the glycosidic oxygen. 
Also, for di—equatorial glycosidic linkages the numerically averaged 
values of /Ø and A-f are almost independent; 	Aø being determined 
by the nature of R1 , while R2 and R3 control I(fig. 4). Therefore, 
on the basis of their conformational maps, glucosyl oliomers can be 
assigned the cellobiose /Ø value and that of lactose is applicable 
to the galactosyl homologues. When a large number of compounds are 
analysed in this way and their 	values calculated from equation 
3 the results consistently demonstrate that: 
each group of compounds having similar substitution around the 
glycosidic oxygen shows only very small variations in this angle and 
that 
replacement of a substituent with a less bulky one causes this 
narrow range to shift in the direction expected from steric considerations. 
13 
The factors affecting iØ and LV) for 0(-linkages are less 
easy to separate but the same general picture is observed if it is 
assumed that, as in the 3-series, zØ is the same for related 
compounds. This assumption requires that for d-linkages, even in 
water, the exo-anomeric effect 13 ' 17 overrides the steno clashes 
suggested by computer calculations and dominates the conformation 
around 0(1). 
In the case of 1,6 linkages there is a third angle of 
rotation ( 	j) about 0(5) - 0(6). It is expected that A Øand 
will have similar values to those in the isolated monomers 
and the remaining variable angle can be estimated directly from the 
relationship: 
[A. calc]D = 120 sin L 
Finally, perhaps tierhaps the most dramatic illustration, in carbohydrate 
chemistry, of the usefulness of optical rotation measurements at a 
single wavelength is the demonstration 	of the cooperative 
formation of double helices in solutions and gels of iota and kappa 
carrageenan. That this tertiary structure formation can cause 
multiple cross-linking and hence tangled networks has been demonstrated 
20 
by controlled degradation and chemical modification to give a 
sample which showed a clean coil to helix transition with a corresponding 
21 doubling of molecular weight . A further confirmation of these 
results has been obtained by a simple extension 
22  of the above methods. 
The linkage terms for the double helix are calculated from X-ray 
diffraction studies 23  for the solid state by substituting the values 
, AB 	 .,BA 	BA 
A 	,-/-- , 	and &-/-' for the alternating carrageenan 
structure (fig. 6) into equation 3. For the random coil the 
conformational terms are assumed to be the same as in the corresponding 
Z~ 0 0 Z~4; ~~ 0 0 A%/-, 
AB A B BA BA 
p-lA 
Fig. 6 	Schematic represe ntation of the alternating structure 
for carrageenan 
disaccharides. When these calculated values are compared with 
measured values for the solution in which the transition occurs 
excellent agreement is obtained. 
More recent work 19 , 24  using those optical rotation methods 
has shown the first ex ample of polysaccharide quaternary structure. 
This is the cooperative association of unlike polysaccharide chains 
in the binding of polysaccharide helices to galactomamans. Moreover 
this binding of galactomannan stabilises the helix under conditions 
where it is not stable alone and thus represents a ligand induced 
change of polysaccharide conformation. 
All the above empirical treatments are only applicable for 
compounds which do not have chromophores which absorb in the near 
u.v., so that direct spectroscopic perturbations, from solvent 
interactions or intra—molecular hydrogen bonding, do not have 
large enough contributions to affect those from which the 
relationships are derived. Wiere such chromophores are present, 
iLl. 
however, secondary influences on them may swamp the far u.v. 
conformational contributions and the relationships should only 
be applied along with studies of the Cotton effects due to the-se 
chromophores. 
O.R.D. and C.D. 
If the specific rotation (or [M]) is measured as a function 
of wavelength, then greater absolute values are generally obtained 
at shorter wavelengths. This is a result of the usual form of the 
"plain curve" and we can use this, in spectral regions remote from 
an absorption band to estimate the position of its maximum 
absorption by making use of the Drude 25 equation. 
In the region of an absorption band, left and right handed 
circularly polarised light are not only propagated with different 
velocities, in chiral molecules, but are also absorbed to different 
extents. Thus the lengths of the two vectors E and EL  are now 
different, after passing through the optically active medium, and 
the emergent wave is no longer truly plane polarised; in fact the 
point of the resultant electric vector describes an ellipse as 
shown in Fig. 7. The plane of polarisation is now defined by the 
major axis of this ellipse and the minor axis provides a measure 
of the c.d. The angle Q is known as the "ellipticity" but 
for meaningful comparisons of the c.d. of various samples the 
"molecular ellipticity" [o] may be employed where; 
[] = 	x mol. weight (gJ 	degree cm2/decimole 
lxc 
and 1 is the pathlength (mm) of the sample cell; c is the 
concentration of the solution (g /cm3 ). 
Due to this differential absorption an s—shaped component 




Fig- 7 	Effect of an optically active absorbing sample on 
plane polarised light. 
Optical rotation 	- 
Circular dichroism - Q 
17 
described as "anomalous o.r.d." and both effectsc.d. and anomalous 
o.r.d0 3 are known as the "Cotton effect". Because of the common 
physical origin of the chiroptical methods, if either of the two 
curves is known over the entire spectral range, the other can be 
calculated using the Kronig—Kramer's transform equations 4. For an 
isolated chromophore the c.d. and o.r.d. bands have the form shown 
in fig. 8. Since c.d. is an absorption phenomenon, the band is bell 
shaped, as in u.v., but may be either positive or negative depending 
on whether the dissymmetric system absorbs left or right circularly 
polarised light more strongly. While c.d. drops off rapidly, and 
only has non negligible values at wavelengths restricted to the 
immediate region about X max 2 
 the optical rotation remains significant 
even at wavelengths remote from the absorption band. This has the 
advantage of allowing o.r.d. to be used even when there is no 
absorption in the accessible region because of the still appreciable 
contribution from groups which absorb in the far u.v. Indeed the 
previously discussed empirical theories based on rotations at a 
single wavelength essentially make greatly simplifying assumptions 
concerning what will give rise to relevant absorption bands since, 
formally, the optical rotation at any wavelength can be regarded 
as the algebraic sum of the contributions due to the various 
optically active bands. However, the disadvantage is always 
present in o.rd. that resolution of the spectra from different 
chromophores is much more difficult than for c.d. because of these 
appreciable "background" rotations, along with the inherently more 
complex shape of the o.r.d. band. 
Early c0d0 measurements were usually obtained by the modification 
of spectropolarirneters and, consequently, looked at the ellipticity 
18 

















A 	 A 
Fig. 8 	Idealised u.v., c0d0 and o.r.d* spectra for an 
isolated chromophore. 
Left: dextrorotatory molecule: positive Cotton effect. 
Right: laevorotatory molecule: negative Cotton effect0 
19 
of the emergent light. This is extremely susceptible to cell 
strain and light scattering artefacts, causing c.d. to be overshadowed 
by o.r0d. until the development 3 9 in the early 1960's, of new 
commercial instruments. 	These measure directly the difference 
in absorption of right and left circularly polarised light and have 
led to the rapid development of this potentially superior technique. 
Plain Curves 
When an electron moves from its initial energy state to a 
state of higher energy by absorbing light, the wavelength required 
for most electrons in an organic molecule is shorter than the 
minimum obtainable with present instruments (around 185 nm). In 
particular this is true of the electrons of the saturated bonds of 
the ring forms of carbohydrates and the absence of any discernible 
Cotton effect in the region of carbonyl absorption (-' 290 nm) confirms 
that only tiny amounts of open chain forms are present under equilibrium 
conditions. In unsubstituted carbohydrates, of the chromophores 
responsible for optical rotation, the ring oxygen and methoxyl absorb 
below 180 rim while the hydroxyl group absorption occurs near 150 nm. 
In the accessible region below 200 rim, unsubstituted monosaccharides 
show the onset of a dichroism band 
26
attributable to light absorption 
by the ring oxygen; the sign and magnitude of this band are 
determined by the stereochemical arrangement of groups around the 
ring oxygen. It has been demonstrated27927a  that, although the sign 
of the o.r.d. curve is significantly influenced by the configuration 
at the anomeric carbon atom, the major effect in determining the sign 
of the first c.d. band is the introduction of a new axis of polarisa'oility 
difference in the molecule due to the replacement of the equatorial 
hydroxyl at 0(2) or C(4) with an axial one (c.f. Brewster's permolecular 
20 
effect). Another important factor is perhaps the influence of the 
C(4) configuration on the conformation of the freely rotating 
hydroxy methyl 	group at c(5). 
Si 	i 	 27milarly n the plain o.r.d. curves , although the data 
express the contributions of all asymmetric centres, as the far 
u.v. transitions of the ring oxygen are approached, their contributions 
reach a maximum and become dominant in relation to the contributions 
from other optically active bands. Table 2 summarises the direction 
of rotatory contributions of individual asymmetric configurations, 
in the D—pyranose series, in the accessible region below 210 nm and 
in the visible region. 
Table 2 
Configuration about 	Cl Conformation 	1C Conformation 
Carbon No. 	 600 250n Below 210nm 600-250nm Below 210nm 
1(a) a in Cl conformation 	+ 	+ 	 - 	- 
1(e) a in lC conformation 	- 	- 	 + 	+ 




4(a) 	 +  
5(e) with 4(e) 	 +  
5(e) with 4(a) and 1(a) 	+ 	- 	 - 	+ 
5(e) with 4(a) and 1(e) 	- 	- 	 + 	+ 
(a) and (e) denote axial and equatorial substituents respectively. 
The magnitude of the C(3) configurational contribution is 
smaller than the rest, as expected since it lies on the existing 
axis of polarisability of the ring. The results also indicate that 
interactions between a bulky substituent and a neighbouring group 
may affect the optical rotation, a possibility that is not always 
considered in the single wavelength calculations. 
Cotton Effect Curves 
Although most unsubstituted carbohydrates show only plain 
curves and the onset of dichroic bands, electronic systems which have 
a smaller difference in energy between their initial and excited 
states will absorb light of longer wavelengths. The transition 
most studied by the chiroptical techniques is the ketone n —f * 
transition in which a non bonding electron on the oxygen atom is 
promoted to a higher energy anti—bonding orbital of the carbonyl 
25,28,29 
group 
For a number of chromophores, the effect of the spatial 
distribution of other atoms or groups on optical activity has been 
systematised into rules. The best known of these are the carbonyl 
octant rule 25 , which has greatly simplified the use of chiroptical 
methods in the determinatipn of steroid ketone stereochemistry, and 
29 the peptide quadrant rule , which has helped the development of the 
techniques to the point where spectra from the helix, pleated sheet 
and random coil conformations of polypeptides can be intrpreted 
qualitatively. In favourable cases protein spectra can also be 
matched quantitatively by mixtures of these three extremes ° . 
Unfortunately in carbohydrate chemistry these better 
understood chromophores are seldom encountered, although similar 
transitions are exhibited by the carboxyl, amide and acetyl groups 
present in some naturally occurring plant and animal polysaccharides. 
If an accessible derivative is not present in the carbohydrates, 
suitable derivatives may, of course be prepared by substitution of 




substantially alter the preferred conformation. A recent review of 
polysaccharide c.d. has been made by Morris and Sandei'son31 . 
Polysaccharides Containing Accessible Chromophores 
Polysaccharides in this category are most responsive to the 
chiroptical methods because they contain sugar residues which 
possess an accessible optically active chromophore. The individual 
monomeric residues of the polymers have been extensively studied to 
gain an insight into the spectral behaviour of the natural material. 
(a) Acidic Sugars: Chiroptical studies of the uronic acids 32133 
show a main Cotton effect around 210 nm typical of the carboxyl 
n._r*transition. An interesting small negative band, which has 
been attributed to an identical transition for a particular 
conformation or solvation state, also appears at higher wavelength 
for uronosides possessing an equatorial hydroxyl group at C(4). This 
is not observed for the corresponding methyl glycosides which have an 
axial hydroxyl at C(4). It has been suggested33 that a hydrogen 
bonded, stabilised conformation of the carboxyl group is possible, 
for equatorial 0(4)  hydroxyl groups, in which the chromophore and 
the ring oxygen lie in the same plane and allow the stabilisation 
of the excited state by conjugation with the non—bonding electrons 
of the ring oxygen. This would reduce the energy required for the 
transition and account for the observed, small longer wavelength 
band. The corresponding stabilised conformation of this type is 
impossible for an axial hydroxyl group at C(4)  since it does not have 
the chromophore aligned in this way. This agrees with the absence of 
the lower enerr transition when the 0(4) hydroxyl is axial. Support 
for this interpretation 32 comes from the relative increases in the 
size of the longer wavelength band in non polar solvents where there 
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will be increased intramplecular hydrogen bonding. 
The recent study 33 also demonstrates that methyl-13---
mannuronoside and methyl--L-guluronoside give spectra which 
are completely different. This suggests that the structure of the 
commercially important, seaweed polysaccharide alginic acid may be 
determined by an application of the chiroptical methods and the 
successful investigation of this direct, rapid index of composition 
is described in Chapter 3 of this thesis. In Chapter .4 is described 
the application of c.d0 to the study of alginate gelation, by diffusing 
calcium ions directly into a cell filled with sodium alginate solution. 
The striking spectral change.s which occur have led to the elucidation 
of the cooperative mechanism34 for the formation of the gel network 
by association of like regions of the molecular chains into ordered 
bundles. An explicit chemical structure is also proposed for these 
"microcrystallite" regions which is in very good agreement with other 
experimental evidence. 
These chiroptical studies may also be applied to pectin, a 
' 	 S 	 S 
1,4 linked poly.-47D-galactopyraflOSyl uronic acid similar to alginate 
but complicated by the presence of high (70%) or low (39%) degrees of 
methyl esterification along with neutral sugars, which occur either 
as side chains 34  or as "kinks 
1,35  in the main chain. Esterification 
appreciably affects the position of the c.d. peak 
36 and the calcium 
gelation of low methoT pectin can also be monitored as for alginates 
and a similar mechanism postulated The gelation of high methor pectin 
req.uires the pH to be low and sucrose or sorbitol must be added to 
depress the activity of the water. The gels are formed by cooling 
heated pectin solutions, which satisfy the above conditions, in a 
c.d. cell and this results in a large increase in the spectrum 
2+ 
intoniity, without altorin& its shapo or po3ition 3 . Although a 
very small incroaso is observed on cooling such solutions under 
non-selling conditions, the c.d. indicates, as expected, a 
different gelation mechanism from that of the low-metho' calcium 
gels. This is believed to take place by the association of regions 
of uronic ester, with the possible incorporation of occasional 
acidic residues since these occupy no more space than the ester and 
are also electrostatically neutral34 . 
(b) 2-Deoxy-2-Acetarido Sugars: Replacement of the 0(2) hydrorl 
group of a sugar residue by an acetamido group occurs in many 
biologically important macromolecules and monomeric studies have 
shown 37 that substitution of an euatorial acetamido group leads to 
a negative c.d. band centred around 210 nm. The corresponding axial 
chromoph'ro gives a smaller positive band at the same wavelength. 
The spectrum of N-acetyl-D-glucosamine together with that of muramic 
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Fig. 9 N-acetyl-muramic acid 
rotation of these chroniophores in N- ace tyl-muramic acid (figo 9)38 
leads to very little interaction bet -,.Veen them and each essentially. 
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experiences the same electrostatic environment as in their 
monosubstituted sugars. From this has been deduced the N-acetyl 
muramic acid conforthation which will be an important factor in 
the determination of the precise shape and function of bacterial cell 
wall, peptidoglycan networks, since it is a major component of the 
peptidoglycan. 
Probably the most important group of polysaccharides 
containing acetamido chromophores are the mucopolysaccharides which, 
after extensive structural studies 39Y  have been shown to have the 
characteristic disaccharide repeats shown in table 3. Stone40 has 
extensively examined the chiroptical effects, in these polysaccharides, 
arising from the electronic transitions of the acetamido and carboxyl 
groups in the sugar residues and these are shown in fig. 100 The 
magnitude of the 208 nm negative band, present in all the spectra, 
varies in magnitude and all also show other distinctive features. 
Dermatan sulphate (D S ) shows an additional c.de minimum around 
190 nm and hyaluronic acid (HA) and the chondroitin 4 (CH-4-S) and 
6 (CH-6--s) sulphates show the beginning of this negative band. 
In contrast heparin (H), heparitin sulphate (RS) and keatan sulphate 
(KS) show an additional positive band centred near 190 nm in addition 
to the 208 band. Thus the c.d. spectra define two broad groups 
correlating with the polysaccharide structural types, namely those 
containing a 193 linked acetamido sugar (HA, OH-4-S, CH.-6-S, DS) on the 
one hand and those containing a 1 9 4 linked acetamido residue (H, RB, 	) 
on the other. From the monosaccharide c.d., the higher intensity of the 
N-acetyl chromophore 	transition at around 210-215 nm will make 
it the predominating influence on the spectra, although this will be 
modified by the influence of the corresponding carboxyl transition which 
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HO 	 NHR(3)  
Heparin H 
R(l) = R(2) 	H 
R(3) = Ac or 503 
Heparitin sulphate H S 
R(l)=R(2)= SO 3- 
RN = Ac or 303 
Table 3° Basic idealised disaccharide repeat units of the 
rnucopolysaccharides 
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also takes place in this region. 
The mucopolysaccharide chiroptical spectra depend on the 
local environment of the chromophore and hence on the structure 
around the group and the overall polysaccharide conformations 
which are, in turn, determined by the anomeric configurations and 
linkage positions of the individual sugar residues, along with 
their particular ring conformations. D-Glucuronic acid, N-acetyl-D--
glucosamine and N-acetyl-D-galactosamine exist in the Cl conformation 
and examination of the disaccharide repeat units in table 3 shows that 
HA, CH-4 -S and 011-6--S are likely to have similar conformations. 1)5 
would, however, be expected to have a different conformation, because 
of the presence of the L-iduronic acid residues, which have been shown 41  
to prefer the alternative 1C conformation, and this is borne out by its 
slightly different c.d. 	spectrum. However, the chondroitins and 
dermatan sulphate are probably idealised extremes of a spectrum of 
closely related structures differing in sulphate content and the 
nature of the uronic acid group since dermatan sulphates, from 
different sources may contain significant amounts of D-gl-ucuronic 
acid as well as L-iduronic acid 42 . It has already been :shovm in 
heparin that although the drawn disaccharide repeat is a significant 
structural feature the main uronic acid residue is the o(,-linked 
L-iduronic acid 43944 in the 10 conformation and this residue is also 
partly sulphated. 
Further studies into the structural and conformational aspects 
of these molecules would be useful and c.d. could play a significant 
part in these, since it is non-destructive and requires only small 
amounts of material. The use of c.d., coupled with a mild method for the 
removal of L4-acetyl groups and the existing mild method for sulphate 
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removal45 9 could indicate the effect of these on the oolysaccharide 
solution conformations. Moreover, the study of de-N-acetylated 
rnucopolysaccharides, from different sources, might clarify the 
possibility of differences in uronic acid composition in addition 
to those found for heparin. 
Polysaccharide Derivatives 
It is unfortunate that most polysaccharides, unlike those 
above, do not possess a chiroptically accessible chrcmophore. 
Substitution of the hydroxyl groups on the sugar residues, with 
suitable derivatives such as acetates, carbanilates and xanthates 
can overcome this difficulty but it must always be remembered that 
this may have a large effect on the preferred solution conformations 
of the polymers. 
The carbanilates of f3-1,4 and c-124 linked glycans have been 
studied, comparatively, by Bittiger and Keilich 6 , emphasising 
cellulose and amylose in particular, along with their corresponding 
disaccharide building units. Very recently, the corresponding. 
acetates and xanthates of these polymers, plus dextran have been 
similarly compared47948 .The conclusions drawn were ve.ry similar 
and are summarised below. In all cases the advantage of c.d. over 
o.r.d., for examining single chromophores, was evident. 
-1,6 Linkages: From the symmetry and position of the ellipticity 
maxima in the c.d. spectra of the dextran acetate series 8 1 a completely 
random solution conformation is indicated, as might have been 
expected from the flexibility conferred on the oligomers, by the 
presence of the extra bond in these linkages. 
-124 Linkages: Both types of aerivative 4607  spectra show a 
simple negative Cotton effect for cellulose and its related oligo- 
150 
saccharides and - the position and symmetry of the transition is similar 
for the xylan series. Thus there is no evidence for preferred 
conformations in solution. This is in agreement with the 
rotational flexibility available to both the parent dimers 
(cellobiose and xylobios 49 9 even in the presence of acetate groups 47 , 
as shown by conformational analyses. 
(C) 	–1 9 4 Linkages: The c.d. spectra of the acetates of amylose and 
its oligomers 8 show completely different features from those above. 
Glucose penta–acetate and 13–maltose octa–acetate give simple positive 
c.d. spectra but for maltotriose hendeca–acetate the positive c.d. 
maximum is shifted to longer wavelength and a more pronounced negative 
band appears. Amylose tn–acetate gives a similar spectrum and a 
similar type of behaviour is observed for the o.–glycan carbanilate 
deniva-tives 6 o These dramatic spectral changes have been attributed 
to interaction of the acetate and canbanilate groups, of the type 
that may be present in helical systems. 	In such an arrangement 
interaction of the chrothophones results in an exciton type splitting 
of the c.d. band associated with transitions such as the carbonyl 
Thus the negative band in the acetate symmetric exciton 
spectrum appears in the low wavelength region accessible to the 
instrument, partly obscuring the weaker n-1* band and apparently 
shifting its maximum to longer wavelengths. 
The interpretation of this splitting as indicative of long–range 
helical ordering must, however, be questioned, since Nakanishi and his 
co–workers 	have shown that such an effect can be caused by 
chromophores suitably arranged in pairs. Thus for vicinal Ms p-
chlorobenzoates on sugar residues 51 , an antiparallel arrangement 
of the two groups gives rise to a single Cotton effect whereas, when 
they are gauche–disposed the two groups interact to give a split 
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pattern in the c.d.; the two maxima of opposite sign being situated 
on either side of the normal absorption maximum. The signs of the 
maxima are related to the chirality of the screw pattern defined 
by the two aroyloxy groups on looking along the connecting C—C 
bond (c.f. Brewster's conformational assymmetry) and quantitative 
variations in intensities are extremely sensitive to minor deviations 
in the dihedral angle between the aroylor groups. 
SECTION A 
IEASURE!ENTS OF OPTICAL ROTATION AT A SINGLE WAVELENGTH 
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CHAPTER 1 
ME INFLUENCE OF SOLV'1T AND TTPERAT1JRE ON THE- E. OPTICAL. ROTATION 
OF MONOSACCHARIDES IN THE PYRANOSE RING FORM 
INTRODUCTION 
Acomprehensive understanding of the ordered structures of 
polysaccharides and their biological function requires a detailed 
knowledge of the conformations adopted by their constituent sugar 
units. Similarly, to make full use of single wavelength 
measurements of optical rotation in studies of these structures by 
the methods described in the General Introduction, one needs to 
know the influence of solvent and temperature on the optical 
rotations of the monosaccharide units which make up the polymers. 
The studies described here were made on the methyl pyranosides since 
the mutarotation of the unsubstituted monosaccharides are affected 
by the temperature and the nature of the solvent, and this will 
complicate the changes in optical rotation. 
The conformational analysis of the pyranose ring forms of 
carbohydrate monomers is based on the principles established for 
cyclohexane1° since only slight changes in the ring geometry will 
be caused by the substitution of two slightly shorter carbon—oxygen 
52 
bonds. The conclusion that the 	shape is thermodynamically 
more stable than either the "boat" or the more flexible "skew boat" 
form was experimentally justified by the pioneering work of Reeves53 . 
He used the previously determined, stereochemical requirements for 
the formation of a complex between cuprammonium reagent and two 
hydroxyls on a pyranose ring to determine the predominant solution 
conformations of many methyl pyranosides. 
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Most of Reeves' assignments have been confirmed by later 
physical measurements54 , in particular by nuclear magnetic resonance 
spectroscopy (nom.r.) which can be used, in favourable cases, to 
determine the composition of the solution and the conformation of 
each component. This information may be obtained by consideration 
of the two kinds of data provided by n.m.r. 
Studies of the relationship between the chemical shift of a 
proton and its environment 55 have shown that the anomeric hydrogen 
atom, being on a carbon atom attached to two oxygen atoms, is 
strongly deshielded and usually resonates at a lower field than other 
protons. Also axially attached protons usually resonate at higher 
field than equatorial protons in chemically similar environments. 
The vicinal spin—spin coupling constants have been shown 55 to 
vary with the dihedral angle and Karplus 56  rationalised this using the 
relationship: 
J=J0 Cos 2 	+K 
where J is the coupling constant between two hydrogen atoms attached 
to neighbouring carbon atoms at a dihedral angle of 	and Jo  and K 
are constants. Although this simplified equation does not take account 
of the nature and exact geometrical relationship of the substituents 57 , 
it can often distinguish between two possible conformations e.g. trans 
diaxial (7-10 Hz) and trans diequatorial (2-4 Hz) hydroxyl groups in a 
pyranose ring. 
The conformations of aldohexopyranoses in solution are 
determined mainly by the tendency of the bulky hydroxymethyl group 
at C(5) to assume an equatorial orientation. Hence all —D--anomers 
exist predominantly in the Reeves' Cl chair ring form53 because the 
alternative lC form is highly destabilised by the repulsive interactions 
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between syn-diaxial hydroxymethyl and anomeric hydroxyl groups. 
These steric interactions are not present for o(-D 1C ring 
conformations but most of these also adopt the Cl conformation. The 
formation of the methyl glycosides of the sugars, by increasing both 
the repulsive interactions involving the c(i) substituent and the 
anomeric effect, will increase this relative stability of the Cl form 
over the alternative 1C form. In the absence of a hydroxyrnethyl at 
C(5) the conformations of the aldopentopyranoses are governed by the 
relative configurations of the hydroxyl groups. Thus c& and f3.-D-
arabinopyranoses favour the 1C conformation, o(-D-lyxopyranose and 
0(-D--ribopyranose are each conformational mixtures and the other 
aldopentopyranoses are predominantly in the Cl ring form. 
Although the precise calculation of the relative free-energy 
of each conformation is not possible, approximate calculations are 
extremely useful in the prediction of the preferred ring conformation. 
All of these assume that the free energies of conformational isomers are 
additive functions of the energy terms arising from non-bonded 
interactions and that interactions of this type do not distort the 
shape of the ring. The most quantitative of these has been 
proposed by Anral 8 and considers not only interactions between 
axial groups but also gauche interactions between groups attached 
to contiguous carbon atoms, along with a contribution from the 
"anomeric effect". The values used for the non-bonded interactions 
were determined, in aqueous solution at room temperature ) from the 
eauilibria of cyclitols with their borate complexes 59 and from the 
anomeric equilibria of the pyranose ring forms of sugars 5
8 9599 60 
Anomeric Effect 
Apart from the steno interaction energies another factor must 
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rü ivo f 	noriou of  con:it1oiod in Lho c:.lcu1atior of tlo 	lLt  
pyranoos. Loot 1—oubatitutod dorivativos of d. —D-glucopyranose 
(and many other sugars) are more stable than the corresponding 
—anomers, although the former has the su'ostituent at C(i) 
axially attached. This predisposition of a polar substituent to 
assume an axial orientation contrary to pure steric considerations 
• 	 , 6l 	 - was first referred to by Edward and was named the "anomeric effect" 
62 .61 by Lemieux • This phenomenon was atributea to an unfavourable 
dipole—dipole interaction between the carbon—oxygen bonds and the 
bond from the anomeric carbon atom to the equatorial substituent 
since these dipoles form a small angle when the substituent is 
equatorial but a large one when it , is axial (fig. 1.1). This 
2 5 explanation has been extended626304 and the effect attributed 
equatorial group x 	 axial group x A 
Fig. 1.1 
to the tendency of the molecule to adopt that conformation which 
minimises the number of repulsive interactions between opposing 
unshared pairs of electrons on the ring oxygen and the aglyconeX. 
In accordance with these theories the maitude of the anomeric effect 
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decreases as the polarity of the solvent increases, although Lemieux 
has suggested 64  that hydrogen bonding of the solvent with the acetal 
oxygen atoms has a more pronounced effect. Also the anomeric effect 
is greatest when the effective charge density on the c(i) substituent 
is high 65  
More recent theoretical considerations 66  show that the anomeric 
effect represents the balance between attractive and repulsive 
dominant interactions and suggest that the attractive make the 
greater contributions. This would indicate that the anomeric effect 
does not increase the free energy of the anomer with the equatorial 
anomeric group, by dipole repulsion, but actually decreases, by 
dipole attraction, the free energy of the axial anomer. The 13C 
chemical shift data for sugars and their methyl glycosides appear 67  
to be consistent with this hypothesis. 
The evaluation of the anomeric effect is the least satisfactory 
part of the free energy calculations because it varies considerably 
not only with the nature of the solvent but also with the presence 
and configuration of substituents in other parts of the pyranose 
molecule. Thus a value of 0.55 k cal mole must be attributed 8 
to the anomeric effect when the hydroxyl group on C(2) is equatorial 
but an increased value of 1.0 k cal mole' must be taken when this 
hydroxyl is axial and a value of 0.85 k cal mole is attributed 
to the effect when there is no substituent on C(2)0 The anomeric 
effect has also been shown 
68 to increase with the extent of 
rnethylation of the hydroxyl groups. At equilibrium in aqueous 
solution, 	mannose contains 67% of the d..-pyr anose form, 2-0- 
methyl-D-rnannose 75%9 20 di-O-methyl--mannose 80% and 2,3,4, 6-tetra-0-
methyl-D-mannose 86,. Perlin has also shown that a similar change 
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(67 - 86%) takes place for D_mannose on changing the solvent from water 
to dimethyl suiphoxide although no such change is observed for D—
glucose. For D—galactose the main effect of this change of solvent 
is a large increase in the proportion of the furanose ring forms in 
the equilibrium mixture. 	Similar effects are observed 68 for the 
equilibria of the methyl pentosides in methanol 69  and any explanation 
of these effects must involve not only the increased anomeric effect 
in less polar solvents, but also specific solvent effects by water 
which favour the pyranose ring forms, and in particular those with 
equatorial anomeric substituents, over the furanose ring forms. 
EXPERIMENTAL 
1 Preparation of Samples 
Methyl .( -D-glucopyranoside, methyl 13-D-glucopyranoside, 
methyl -D-mannopyranoside and methyl 13-D--galactopyranoside were 
all samples obtained from a commercial source (Koch-Light, Colnbrook, 
Bucks, England) Methyl 3-L-arabinopyranoside was a sample previously 
prepared at Edinburgh University. These samples were recrys -tallised 
twice from ethanol and possessed melting points and specific rotations 
in close agreement with those in the literature. 
The styracitol (1,5 anhydro rnanriitol) was a gift from 
Dr J.C.P. Schwarz of the University of Edinburgh and had a melting 
point and specific rotation very close to the literature value. 
This sample was used without recrystallisation. 
Preparation of Anhydrous Methyl -Galactopyranoside 
Methyl o-D-galac -topyranoside monohydrate was purchased from 
Koch-Light and had m0p0 82-85 °C: lit. m.p. for the monohydrate 111 °C 
(Micheel70) 
The crystals were dissolved in ethanol, a small volume of 
benzene added and the solvent removed using a rotary evaporator. 
This was repeated twice and was followed by twice repeating the process 
using ethanol alone. The sample was recrystallised from ethanol, 
dried overnight in a vacuum desiccator and stored tightly sealed: 
m.p0 117-119 °C: lit. m0p. for the anhydrous form 114-116 °C 
(Micheel) 
Preparation of Methyl 3,6 Anhydro-D-Galactopyranoside 
This was prepared from a previously made sample of methyl 
6-0-4 oluen e-p-sulphonyl- -D-galactopyran o side 7 ' using the method 
of Haworth, Jackson and Smith 72 and had roopo 137-141°C: lit, mop. 
140°C (Micheel). 
0 
Pre2aration of Methyl of, and -XyloDyranoside by a Fischer 
Synthesis 
Acetyl chloride (4 ml) was added dropwise to anhydrous methanol 
(200 ml) to give a 1% solution of hydrogen chloride in methanol. 
D-.Xylose (20 g) was boiled under reflux with this solution for six 
hours and' -then the acid neutralised overnight with silver carbonate. 
The solution was decolourised by filtration through a pad of active 
charcoal and concentrated to a thick syrup. Paper chromatography, 
using double development with solvent (b) and detection using the 
periodatocuprate spray, showed the presence of three spots one of 
which was undetected xylose. 
Preparation of Methyl -D-Xy1opyranoside by Fractional Precipitation 
Ethyl acetate was carefully added to the syrup and a white oily 
semi-solid separated out which was filtered off. This was the methyl 
37D_xy1opyranoside and it was crystallised by a careful precipitation from 
ethanol using ethyl acetate. The crystals had m.po 150-1580C and two 
recrystallisationS from ethanol did not improve this. 
A column of Dowex 1 anion exchange resin, in the hydroxide form, 
was prepared as described in the General Methods section. The crude 
methyl p_-xylopyranoside (1.5 g) was dissolved in water (5 ml) and 
carefully put on to the column using a pipette. This was run on to the 
column and washed in with a further 5 ml of water added in the same 
way. The column was eluted with carbon dioxide free water at .  a 
constant flow rate (--- 20 ml hr
-1  ) and the eluate was collected 
as 10 ml fractions. The amount of carbohydrate, in each fraction was 
determined by the phenol-sulphuric acid test and gave one sharply 
defined peak between fractions 45-62. 
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These fractions were combined and concentrated, the last traces 
of water being removed by the addition of a small amount of benzene. 
The sample was recrystallised twice from an ethanol-ethyl acetate 
mixture: m.p0 156-159 °C: lit. m0p. 156-157 °C (Micheel). 
1(e) Prption of the Methyl Xylopyranoside by Separation 
on a Basic Ion Exchange Colunm73 
The ethyl acetate mother liquor from the separation of the 
methyl 13-D-xylopyranoside was concentrated to a thick syrup (15.5 g). 
Paper chromatography using solvent (b) and the periodatocuprate spray 
gave the same three spots as mentioned above. One of these was the 
unchanged xylose, one was the methyl 3-2-.xylopyranoside and the other 
more prominent spot was attributed to the methyl o& -D--ylopyranoside. 
The anion exchange column was reconverted to the hydroxide form 
as described in the General Methods section. The mixture of the 
D-xylopyranosides (5 g) was dissolved in the minimum amount of 
water (- 10 ml) and carefully transferred to the column and washed 
in as previously described. The column was again eluted with carbon 
dioxide free water (-- 20 ml hr-1 ) and fractions (10 ml) collected. 
Approximately 110 fractions were collected and the elution pattern 
was determined using the phenol-sulphuric acid test for carbohydrate 
material (rig 1.2). Paper chromatograms, using solvent (b) and the 
periodatocuprate spray, were used to determine the extent of overlap 
of the peaks and the results of these are also shown in fig. 1.2. 
Fractions 35-44 were combined and concentrated, the last amounts 
of water being removed by the addition of a small volume of benzene. 
The sample was dissolved in ethyl acetate and reconcentrated to give 
white crystals of methyl 	-xylopyranoside which were recrystallised 
from ethyl acetate: mop. 89-91°C: lit. mop. 91-92 °C (Micheel70)o 
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Fractions 58-65 were also combined, concentrated and crystallised 
in the same way. The resulting crystals had m.po 150-158 °C proving the 
effectiveness of the separation on the column of anion exchange resin. 
However only a small quantity of this material was obtained and it 
was not further purified. The unchanged D-.xylose was retained on 
the column and was not eluted. 
2. Solvents Used in the Optical Rotation Measurements 
The measurement of the optical rotation against temperature 
was carried out in three solvents: distilled water, dioxan and 
dimethyl sulphoxide. The analar dioxan (B.D.H., Poole, England) 
was redistilled before use and was stored in a dark bottle away from 
the light. The dimetbyl sulphoxide (B.D,H.) was used either directly 
from a new bottle which had been shown by infra—red spectroscopy to 
contain very little water or it was dried by vacuum distillation over 
calcium hydride, having refluxed over calcium hydride for four hours. 
It was stored, tightly sealed, over molecular sieve (4A) in a vacuum 
desiccator. 
30 Preparation of Sample Solutions 
The solutions used for the optical rotation measurements were 
made up in volumetric flasks by weighing out a quantity of the 
sample calculated to give a final solution reading on the polarimeter 
close to 10.  For the dioxan solutions this was normally not possible 
and the maximum amount which could be dissolved was used. These 
solutions were left to stand overnight to make sure none of the material 
settled out. All solutions were millipore filtered and transferred to 
the polarimeter cell in one operation using a syringe. - 
40 Measurement of the Optical Rotation against Temperature 
The optical rotation measurements were made on a Perkin Elmer 
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141 polarimeter fitted with an automatic digital readout. The 
measurements were noted at two wavelengths. 
At the wavelength of the sodium D line, 589 rrni, for comparison 
with the empirical theories described in the General Introduction. 
At 546 nm, the wavelength of the mercury lamp which has the 
highest intensity and gives more accurate readings with opaque 
or absorbing solutions. 
The solution measurements were all recorded in the same 1 din polarimeter 
cell equipped with an envelope through which water was circulated by 
a Haake thermocirculator to thermostat the cell. The deviation from 
the thermostatted temperature was ± 0.25 °C. The average (+ 0.0010) 
of four recordings of the optical rotation was noted, for both 
wavelengths, at temperature intervals of 7-80C from 20-900C and at 
three points when the cell was recooled. The cell was allowed 20 
minutes to equilibrate when it reached each new temperature. All 
readings were corrected for the cell blank of the cell containing 
the appropriate solvent which was determined for each solvent as 
indicated in the General Methods section. 
The molecular rotations of the sample solutions at each 
wavelength and temperature were calculated using the formulae detailed 
in the General Introduction. These were normalised for comparison 
with the value at 25 °C, in the same solvent, by compensating for the 
change in refractive index and density with temperature using the 
following equation 74 : 
/ 25C2 	25C 
(Normalised Molecular Rotation) 	= [M] T 
	in 	) + 2 
TOC 2 	TOG 
(n S ) +2 	p8 
r iT M j is the molecular rotation measured at the temperature T°C in a 
solvent(S) of refractive index (n) and density (p) at I° C and 
(25 C) and 
(p 
25 C) are the refractive index and density of the 
solvent at 25°C. 
'+5 
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RESULTS AND DISCUSSION 
The normalised molecular rotations were plotted against 
temperature and the best curves drawn through the points. In all 
cases the change in this molecular rotation was either linear with 
temperature or could be best fitted by a shallow curve. An example 
of the magnitude of the changes at 589 nm and the shape of the curves 
is shown in fig. 1.3 for three of the methyl &D-glycopyranosides 
in water. The magnitude of the changes with temperature in dimethyl 
suiphoxide and dioxan are similar but the dioxan values are slightly 
more scattered about the best curve because of errors in measurement 
caused by the limited solubility of the glycosides in dioxan. To 
compare the values in dimethyl suiphoxide and dioxan with those in 
water the normalised molecular rotations were compensated for the 
change in solvent refractive index according to the equation 74 : 
T°C (n 	)2 +2 (normalised mole rot.) 6 . 
2ROC 
HO 
(n 250C)2 + 2 
The normalised molecular rotation at temperature T °C in the solvent 
(s), which has the refractive index (n 250C)at 25 0C, was taken from 
the best curve drawn through the points and (5) is the refractive 
index of water at 25 0C. The compensated molecular rotation (o.m.ro) 
is therefore the normalised molecular rotation referred. to the 
refractive index of water at 25°C. 
The variation of compensated molecular rotation with temperature 
in distilled water, dimethyl suiphoxide and dioxan is given in table 1.l 
	
for all the methyl glycosides (and styracitol) studied. 	Only the 
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Temp. 00 
Fig. 13 Graph of normalised molecular rotation v temperature 
for some methyl.- 0L—.-glycopyrar1oSides in H 2  0 at 589 nm0 
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101 since these can be correlated with previous measurements and also 
with the empirical rotational perameters used to estimate the 
molecular rotation of such glycopyranosi.des (General Introduction). 
The results obtained at the most intense mercury lamp radiation, 
546 rim, are given in Appendix 2. 
From table 1.1 it can be readily seen that the variations 
in the c.m.r. with temperature are small and would be swamped by 
those caused by any large conformational effects such as a complete 
alteration in the conformation of the sugar ring or the change in the 
glyc.osidic. angles, 0 and 	associated with a cooperative polysaccharide 
transition of the type described in the General Introduction for the 
carrageenans. The exact magnitude of the variations with temperature 
are recorded in table 1.2 where the change in the compensated molecular 
rotation (6 c.m.r.) y at 589 nm, on altering the temperature from 25°C 
to 80°C is given by: 
	
800C 	 800C 	 25°C 
( 	oom.r.)2SoC = 	(Comoro) — (Comoro) 
25  
The change in the compensated molecular rotation which arises from a 
change in the solvent can be much larger, although still small 
compared with that expected for a complete alteration in the 
conformation of the pyranose ring. These are recorded in table 1.3, 
again for measurements at 589 rim, where; 
solvent 




= (c.m.r.)D 	— (c.m.r.)D 
solvent B 
The (A c.m.ro)H 0 NaOH values calculated from Reeves' measurements
75 
2 
of the effect of sodium hydroxide upon the optical rotation of 
methyl pyranosides are included in table 13. As shown these 
have very similar 'relative magnitudes to those obtained in this 
study and are consistent with the general treatment developed below. 
Reeves75 carried out his measurements at 27 , 5 ± 2.5°C and checked 
TABLE 1.1 
The Variation of the Compensated Molecular Rotation (c.m.r0).with Temperature at X 89 
Value of c.m.r0 at 	the temperature indicated (degrees) 
Sample Solvent 20 25 30 40 50 60 70 80 
Me o(-D-glucopyranoside H 2  0 303.7 304.0 304.2 3047 305.2 305.7 306.2 306.8 
DMSO 298.8 298.8 298.7 298.6 298.5 298.3 298.0 297.6 
Dioxan 306.0 306.8 307.6 308.6 3093 309.6 3097 309.8 
Me 	Z.-D-rlopyranoside H20 248.6 248.7 248.9 249. 2 2494  2497 25 0 .0 250.3 
I2LIS0 241.0 241.0 240.9  240.8 240.5 239.9 239.2 238.3 
/ Dioxan 266.8 266.8 266.7 266.5 266.1 265.8 2 65.2 264.5 
Meol-D-marrnopyranoside H20 148,8 1493 149.7 1505 151o4 152e2 153.1 153.9 
ThS0. 138.8 140.3 141.8 144.6 147.1 149.3 15 1 2 153.0 
Dioxan 212.8 212.2 2113 2094 205.8 2017 1966 190.6 
Me c-D-galactopyranoside 3744 373.3 372.1 370.3 368.6 367.2 3662 365.3 
S0 336.6 335.6 334.7 333.1 331,5 330.2 328.9 328.0 
Dioxan 303.3 304.1 304.8 306.3 307.7 309.1 310.4 311.4 
4:- 
TABLE 101 (Continued) 
Value of o0m.r. at the temperature indicated (degrees) 
Sample Solvent 20 25 30 40 50 60 70 80 
Me 13-L-arabinopyranoside H20 3907 390.0 3893 3080 3866 3852 3839 3825 
S0 3324 3311 3298 3272 3248 3225 320l 318l 
Dioxan 3338 333.9 3340 3341 3338 3329 3315 33000 
3 9 6 Anhydro.-me-J.-D-.galacto- H 2  0 1388 1380 1373 135.8 1343 1328 1314 129.9 
pyranoside DMSO 1288 1289 1290 1292 1294 1296 1298 1300 
Dioxan 1482 l479 1476 1471 146.7 146.3 145.9 1455 
Me 3-D-glucopyranoside H20 -62.2 -62.0 -61.7 -61.1 -60.6 -60.1 -597 59 0 4 
DMSO 6405 634 62.4 60.7 59.1 57.6 56.5 _55°3 
Dioxan -67.9 -67.4 -66.8 -66.0 -65.5 -65.3 -65.2 -65.2 
Me 3-D-i1opyranoside H 2  0 -106.3 -105.9 -1055 -104.9 -104.4 -1039 -103.6 -103.3 
DM50 -95.0 -94.7 -94 0 3 -93.7 -9305 -93.4 -93.5 -93.8 
- Dioxan -112.5 4132 114.0 1155 417.0 118.4 419.9 -121.4 
Me 3-D-galactopyranoside 1120 -0.7 -1.2 -107 -2.6 -36 -4.6 -5.6 -6.6 
DMSO -23.2 -23.2 -232 -23.2 -23.2 -2302 -23.3 -23.3 
J1 
0 
TABLE, 1.1 (Continued) 
Value of CcTfloTo at the temperature indicated (degrees) 
20 25 30 40 50 60 70 	80 
—48.2 -47 0 7 -4705 —47.0 —469 —470 —471 	—4704 
—828 —828 —829 —82.9 —829 —831 —832 	—832 
—85.4 —846 —837 —822 —809 —798 —787 	-7707 
Sample 	 Solvent 
Me 13—D.-galactopyranoside(Continued) 	Dioxan 




The Change in the Compensated Molecular Rotation ( corn.r.) on Changing the Temperature from 25 0C to 80°C: 
Measured at 589 nm 
( 
t 	comoro)o in the solvent indicated (degrees) 
Sample Water DMSO Dioxan 
Me o(—D—glucopyranoside 3 —1 3 
Me o&—D--.xylopyranoside 2 —3 —2 
Me J,—D—mannopyranoside 5 13 —22 
Me d-.D--galactopyranoside —8 _3 7 
Me 	—L-arabinopyranos1de —8 —13 —4 
3,6 Anbydro—me- 04.—D—galacto— —8 1 —2 
pyranoside 
Me 3—D—g1ucopyranoside 3 8 2 
Me 1—-rlopyranoside 3 1 —8 
Me 3-2—galactopyranoside —5 0 0 
Styracitol (1 2 5 anhydro manriitol) 0 7 
ru 
TABLE l3 









Me01.-D-glucopyranoside 8 (26) (18) (._8) 
0 	) 
Me 	-lopyranoside 26 ) 18 	) ) -3 
Me 	-D-mannopyranoside 72 (90) 63 (78) -9 (-12) 1 (-2) 
Me 0(-D--galactopyranoside -32 ) -69 (-56) 38 )( 59 ) 16 	) (16) 
Me 13-L-arabinopyranoside 3 ) -56 	) -59 ) -16 	) 
3,6 Anhydro-me-01,-D-galactopyranoside 19 10 -9 - 
Me 3-D.-glucopyranoside -4 
) 
	 (-19) -5 (_ 
-1 3 (-2) 
Me 3-D-ojlopyranoside -19 ) -7 	) +11 ) -2 	) 
Me 3-D-galactopyranoside -25 (10) -47 (-34) -22 (-43) -19 (-19) 
Styracitol (1 1 5 anbydro rnannitol) -2 
Me 3-D-mannopyranoside 19 (16) 
The values in the brackets are the group contributions mentioned in the text. 
\J1 
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that the observed differences in optical rotation, in neutral and 
alkaline aqueous solutions, were not due to differences in the 
solution ionic strengths by also observing the optical rotations in 
sodium chloride solution. 
A quantitative explanation of the results listed in the tables 
101 -'1-3 is not possible with the present limited empirical approaches 
to an understanding of the optical rotation of sugars but two hypotheses 
have been considered in an attempt to gain a qualitative insight. 
The 4 c.m.r0 values with solvent and temperature are related 
to changes in the conformational equilibria in different solvents, 
6413, as suggested by Lemieux 12, 13964, and that effects due to direct 
spectroscopic perturbations by the solvent environment are unimportant. 
The solvent and temperature effects can be explained by changes in 
the magnitudes of the empirical parameters used to estimate the 
molecular rotations of saturated pyranoid carbohydrates when the solvent 
environment is altered. This assumes that the extent of perturbation 
of the chromophores by dissymmetric features of the molecule is directly 
influenced by the physical properties of the solvent. 
Neither of these hypotheses is likely to account for all the 
observed changes on its own but the relative importance of the two 
effects can be indicated. The c0m.r0 when water is replaced by the 
non—polar solvents dioxan, carbon tetrachloride or chloroform will be 
considered in most detail since these are. the solvent extremes but the 
similarities and differences on making the other changes in the solvent 
environment will also be mentioned. 
Hypothesis (a): Changes in the Conformational Equilibria Due to Changes 
in the Solvent Environment 
Reeves and Blouin75 suggested that the observed changes in the 
optical rotations of some methyl glycosides was caused by the ionisation 
of hydroxyl groups resulting in a change from chair to flexible boat 
ring forms, due to increased repulsions, particularly where the boat 
conformation allows bulky substituents to become "equatorial". However 
the present knowledge of the free energy difference between chair and 
flexible boat forms makes this explanation very unlikely and more 
recent n.m.r. evidence 6 has confirmed that the conformations of sugars 
substituted at C(l) are the same in aqueous and alkaline solutions. 
All the methyl glycosides are therefore taken to be in the chair form 
in alkaline solution and it is also considered that the methyl pyranosides 
do not alter their ring chair conformation when water is replaced by 
the other simple solvents studied here. The fact that the conformationally 
rigid compounds studied by Lemieux (table 1.4 and ref. 13) and the 
methyl 3 1 6 anhydro al.-D-galactopyranoside (table 103)give L c.m.r. 
values of similar magnitude to the methyl pyranosides supports this 
view. The observed Lsc.m.r. values must therefore be due to solvent 
dependent changes in the conformational equilibrium around the 
C(5) - C(6) and c(i) - 00H3 bonds if this hypothesis is to be valid. 
The change in the contribution to the c.m.ra which arises 
from solvent dependent alterations in the orientation of the 
hydroxyinethyl group about the C(5) - C(6) bond can be approximately 
assessed by comparing the o&.- and 3-2-glucopyranosides with the 
corresponding -xylopyranosides and the 	.--ga1actopyranoside 
with the -Iarabinopyranosideo The three possible staggered 
orientations are shown in fig0 14 along with the values which can 
be assigned to their contribution to the molecular rotation in aqueous 
12 
solution, using the empirical parameters suggested by Lemieux • The 
observed effect of introducing the primary hydroxyl group at C(6) 
into a 6-deoxy-D-.hexopyranose structure is to increase the molecular 
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at C(4) and the size of this band increases when water is replaced 
by non-polar solvents. However it is difficult to explain on this 
basis why no effect of this type is observed for the methyl 3-D-
glucopyranosides and why heating the aqueous solutions from 25 °C 
to 80°C or making the solution alkaline gives no indication of a 
contribution to the Ec.m.r. from this source. 
To test this hypothesis an approximate assessment was made of 
the contribution by the hydroxymethyl group to the Acm.r. (tables 1.2 
and 1.3). The assumptions made were those mentioned above with the 
further assumptions that the hydroxymetbyl group will make the bame 
contribution in methyl 0 .-D-mannopyranoside as in methyl (-D-gluco-
pyranoside and its contribution in methyl 3-2--ga1actopyranoside will 
be identical to that in methyl o'-D-galactopyranoside. The contribution 
of the hydroxymetbyl group can then be deducted from the observed 8cemere 
values and these adjusted values are given in brackets in table 1.3. It 
can be seen that although the contribution from the hydroxymethyl group 
may in some cases, e.g0 for the methyl cA and 37D-glucopyranosides, be 
the dominant effect, in general the observed Acemoro values in table 1.3 
cannot be rationalised simply in terms of changes in the c.m.r. arising 
from solvent dependent changes in the orientation of the hydroxymethyl 
group about the C(5) - 0(6) bond. 
The final conformational equilibrium which may be solvent 
dependent and hence contribute to the A c0m.r. when the solvent 
environment is altered is that involving rotation about the C(i) - OCH 3 
bond. Lemieux1364 has studied the effect of solvent on the optical 
rotation of the conformationally rigid methyl 2,3 dideoxy-4,6-0-ethylidene 
-0(-D-hexopyranoside (1.4(d)) and its 13-anomer (1.4(e)) to determine the 
effect of this. His results, approximately compensated for the change in 
solvent refractive index using the refractive indices listed, are 
shown in table 1.4 It was found that water had a relatively large 
special effect on the molecular rotation of the c4-anomer. This special 
effect of water is consistent with the results obtained in this study and 
will be discussed later in this chapter. 
Lemieux suggested13964 that the special effect of water on the 
molecular rotations could arise from its unique possibility, because 
of its dihydric nature, to stabilise the conformation 105(b) which 
has parallel and opposing orbitals for the unshared pairs of electrons 
on its ring oxygen and glycosidic oxygen. The conformer 1.5(c) which 
has the CH  group antiparallel to the anomeric hydrogen atom is considered 
so highly strained as to have negligible existence. This theory, by 
consideration of the empirical rules for the prediction of optical 
rotation, gives an explanation consistent with the sign of the Lc.m.r. 
values when water is replaced by any other solvent. However the empirical 
7 2 8 theories p whose parameters were calculated from the measured rotations 
in water, obtain very good agreement between the observed and calculated 
values by assigning parameters of identical magnitude to both (- and 
—anomers on the assumption that they are exclusively in the conformations 
1o5(a) and 105(d) respectively. This is incompatible with the explanation 
suggested by Lemieux and it is felt that this effect cannot offer a full 
explanation of the results in table lo4o This is discussed more fully 
under hypothesis(b). Moreover, even when coupled with the estimated 
contributions to the ( 	com.ro)HO
solvent 
 from the hydroxymethyl group, 
the changes in the c,m.ro with solvent due to an alteration in the 
conformational equilibrium around the c(i) - 00H3 bond cannot fully 
account for the magnitude of the observed (L c0m.r.) solvent110 	For 
Dioxan example, if we examine the ( A Comoro) HQ 	values adjusted for the 
C 
TABLE 1.4 
The effect of solvent on the compensated molecular rotation of some 4,6-0— 
ethylid.ene—D— 	 (a) hexopyranosides 	and related. compounds. 	 1.4(a) 	1.4.( b) 
200C 77 	 solvent Solvent 	n 	( c.m.rP)HO 	1.4(a) 	1.4(b)'°) 14()(b) 1-4(d) (b)  1.4(e) 	CH  J 
CH013 	1.4459 	(c.m.r.)CHC13 2 	+8 	+3 	+20 	+1 
H20 
CC14 	1.4601 	(c.m,r.)CC]4 	2 	+9 	- 	+21 	+9 	 0C14 
1120 1.4(c) 
CH3COCH3 	1.3588 	(c.m.r.) (cH3)2C0 	2 	 - 	+29 	—8 
H20 
CH3OH 	1.3288 	(c.m.r.)CH30H 	- 	+5 	+19 	+40 	—15 1120 
5 C113CN 	1,3442 	(c.m.r.)CH3C1 	2 	+6 	+39 	+33 	—8 H20 OCH3 
CH3SOCH3 	1.4783 	(c em,r.)(CH3)2S0 	2 	+12 	—17 	+17 	+13 	 1.4.(d) 
H 0 	1.3330 	
H20 
[i] 25° 	 +0.2 	
T43 	+246 	+218 	—141 
2 
H 2  0 
From ref. 13 approximately corrected for the solvent refractive index using the above values. 
	 H3 
The compounds have the structures sho•m. 
1.4.(e). 
H 3 	 c7° 
CH3 
	CH( 

































taevo 	 dextro 
1.5(d) 	 1.5.e) 	 1.5.(f) 
Methyl p -. - gIycopyranoside 
Fig. 1.5 	Staggered conformations about the C(1)-0cH3 bond for 
( and 3—D--g1ucopyranosides. 
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contribution of the hydroxymethyl group and given in brackets in 
table 132 then a large discrepancy is apparent between those such 
as methyl 	-D-mannopyranoside (+78 0) and methyl 3-D-galactopyranoside 
(_349) and those given in table 1.4 for the ( A 
c.moro)non-polar solvent 
HO 
of the methyl 2,3 dideoxy-496-0-ethylidene 01..-D-hexopyranoside (.+20°) 
and its -anomer 	00) respectively. 
It is, therefore, considered that changes in the compensated 
molecular rotations due to changes in the conformational equilibria 
in the methyl pyranosides when the solvent environment is altered are, 
by themselves, insufficient to explain the changes in the compented 
molecular rotations observed here* 
Hypothesis (b): Solvent Dependent Changes in the Magnitude of the 
Rotational Parameters 
In this section an attempt is made to rationalise the jc.m.r. 
values that are observed on changing the solvent or the solution 
temperature in terms of the influence of the solvent environment on 
the - magnitude of the rotational parameters derived in the empirical 
theories. Such variation could conceivably occur as a result of changes 
in the wavelengths of the far ultra-violet o.r.d. ertrema and/or in the 
intensity of their Cotton effects, as indeed have been directly observed 
for the carbonyl goup325. Such solvent dependent group increments 
have been found78 to be important in the study of the influence of 
solvents upon the Cotton effects of rigid ketones and it was suggested 8 
they may even be the dominant factor when the chromophores are not in 
an excessively hindered steric environment. 
The hypothesis has been examined by considering in detail the 
o.m0re values observed when water is replaced by the non-polar solvents 
dioxan, carbon tetrachloride and chloroform, in which solvent-solute 
62 
association will be very limited, but similar relative 	c,m.r0 
values are observed (tables 12 and 13) for the other changes in 
the solvent environment. The empirical parameters suggested by. 
Brewster 8 are used here since it is felt that they are slightly 
more consistent with the general theoretical basis of the phenomenon 
and they also allow the carbohydrates to. become part of a wider 
series of compounds. As shown in table 1.5 the symbols tia to Af 
represent the change in Brewster's rotational constants which are 
given in more detail in Appendix I.  
TABLE 1 . 5 
Rotation constants for use with carbohydrates 
Rotation 
Brewster's 	Present Change 
8 
Brewsters 	 Present 	Values(degrees) in these Values 
(degrees) 
Ic (0—u) (0—H) 	 A a 	 +45 	 .15 
Ic (C—H)(0-.H) 	 b 	 +50 	 0 
Permolecular effect 60 +100 	 +20 
C(1)/C(5) (xxxix) 
Permolecular effect 6d +60 	 —25 
C(2)/C(4) (XL) 
C(6) hydroxymethyl (XLII) 6e +25 	not applic. 
C(l) —0--methyl (XLV) 6f + or - 105 	 0 
The analysis of the methyl pyranosides and the 4 9 6 ethylidene—D-
bexopyranosides in terms of these empirical parameters is given in 
table 16 along with the Lcornor. observed when the solvent is changed 
from water to the non—polar solvents. For the hydroxymethyl group at 
C(6) it is impossible to distinguish between the magnitude of the 
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c.m.r0 caused by solvent dependent changes in the conformational 









Me-D-glucopyranoside +a +c +f +18 +5 
Me o-D-xylopyranoside 	) 
Me -D-rnannopyranoside -2Oa + 	o - Ad + Lf 	+78 +75 
Me-D-ga1actopyranoside ) 	+3Aa +c +d +f 	
•56(b) -50 
Me 3-L-ara'oinopyranoside ) 
) -6 Me 13-D-glucopyranoside -,A a -f +15 
Me 3-D--xylopyranoside ) 
Me -D-ga1actopyranoside +4a +d -f 4 -40 
9(C) +15 
14()(a) +,A a +b +c +f 	
3(d) 
+5 
+c +Lf +2l ° +20 
1.4(e) f 5(0) 0 
The structures of these compounds are shown above table 1.4. 
(L c.m.r.) Dioxan110 
CHO1 	 CC1 
Average value of (,8  c.m.r.) 
CHO1 	
H20 and (Lcom.r.) H204 
(a) ( i com.ro) H 
2 
 0 
of the solvent on the contribution from each of the possible orientations 
(fig. 1.4) of this group. The total contribution from the hydroxymethyl 
group, from both effects, has therefore been assessed, using the same 
6'+ 
assumptions and values described under hypothesis (a)and the 
(c.m.ro) Dioxan 
 H 0 	
values listed in brackets in table 1.3 are used 
2 
here. This treatment means that the changes in the rotational 
constants, 6b and Le, which differentiate between the hexopyranosides 
and the pentopyranosides are not considered for the methyl pyranosides 
listed in tables 1.3 and 1.6. Similarly it is impossible to 
distinguish between the contributions to L f, the change in the 
rotation constant XLV (Appendix I) due to changes in the 
conformational equilibria around the c(i) - 00H3 bond and those due 
to solvent influenced changes in the value of the contribution from 
each of the individual orientations (fig. 1.5). The parameter Af 
therefore represents the sum of both these effects. 
By equating the observed A c.m.r* values with the totals of 
the rotational parameters used to express the change in the molecular 
rotations of the compounds (table 16) a numerical value can be 
derived for each of the rotational parameters and these are given in 
table 1.5. The values, rounded to the nearest five degreeshave been 
deduced using the values obtained from the minimum no. of compounds 
as a guide and adjusting them to give the best overall fit with the 
experimental values. They indicate the change in the numerical value 
of Brewster's rotation constants required to fit the A c.m.r. when the 
solvent is changed from water to non—polar solvents and a comparison 
of the calculated and observed A c.m.r. values (table 1.6) shows 
that this treatment is generally very satisfactory. 
This approach also gives a very 
s 
differences in the 
( 
L c.m.r.) solvent  H 0 2 
ethyl idene— o(—D—hexopyranosid e and its 
which is more consistent with the emp 
simple explanation of the observed 
for methyl 2,3 dideoxy-496-0-
f3.-anomer (table 1.4 and ref. 13) 
' 8 i.rical theories 	for the 
6 
estimation of carbohydrate molecular rotations. The (A C.M.r.) solventH 2 
for the 13—anomer leads to a very small value for Af t the parameter 
associated with c(i) - OCII3 9 and a numerical value of zero (table 1.5) 
has been assigned to it. This suggests that when water is replaced 
by the less polar solvents there is no change from the most favoured 
conformation 1.5(d) (fig. 15) and the influence of solvent on the 
magnitude of the contribution from this orientation is very small. 
It is of course possible that a change in the conformational 
equilibrium of the type suggested by Lemieux1364 is equally balanced 
by the difference resulting from alterations in the contributions from 
each orientation. Brewster's parameter that corresponds to &f 
(table 1.5 and Appendix I) is, according to his method, supposed 
to have the same magnitude in c( and 13 anomers and the greater 
observed (Lc.m.r.) H 0 solvent for the c& anomer can, therefore, be 
2 
attributed to Ac the change in the rotational constant (xxxix) 
which arises from the permolecular effect of the axial c(i) - 00H3 bond. 
General Considerations of the Effect of the Solvent Environment 
When all of the L c.m.r. values (in brackets in table 1.3) 
obtained in this study, after subtraction of the hydroxymethyl 
contribution as previously indicated, are examined along with those 
of Lernieux, it is noticeable that the observed £xc.m.r. values on 
replacing water by any other simple solvent are almost invariably 
greater than those observed on interchanging any of these other 
simple solvents. This large effect of water on the optical rotation 
of these pyranosides can be considered in the light of the theoretical 
description of dilute aqueous solutions of simple carbohydrates. 
In water the oxygen atom of each molecule is tetrahedrally 
coordinated by means of hydrogen bonds to the oxygen atoms of adjacent 
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water molecules. At 25 0C X—ray diffraction detects 79  a high 
concentration of water molecules 4.9R apart which is compatible with 
the distance of an oxygen atom from its co—planar, second nearest 
neighbour in the ice—like arrangement suggested for 	 The 
distance between equatorial hydroxyl groups on the same side of a 
glucose ring, e.g. hydroxyl groups attached to C(2) and C(4) 9 is 
o81 	 82 
4086A and Kabayaxna and Patterson proposed that the equatorial 
hydroxyl groups on opposite sides of a monosaccharide ring could 
form strong hydrogen bonds to two layers of water molecules, in the 
tridymite water structure, one above and one below the plane of the 
ring (fig. 16). From the study of models the hydration of axial hydroxyl 
groups is expected to be considerably less than that of equatorial 
hydroxyl groups because they cannot form strong hydrogen bonds with 
this "lattice water". These suggestions are consistent with more 
recent thermodynamic 8 , dielectric and n.m.r. 8 studies of aqueous 
solutions of simple carbohydrates and may contribute substantially to 
the observed predominance of pyranose over furanose ring forms of 
reducing sugars in aqueous solution, as mentioned in the Introduction 
to this Chapter. 
A possible explanation of the large effect of water can now be 
suggested. The strong hydrogen bonding of the equatorial hydroxyl groups 
on opposite sides of the pyranose ring to different layers of the lattice 
water will not only restrict the rotation of the hydroxyl groups but also 
may resist any tendency to flatten the ring arising from steric effects. 
When this special effect of the water is removed, the steno repulsions 
between ring atoms and, for example, between an axial hydroxyl group and 
the lone pair orbitals of the ring oxygen, may flatten the ring 









Fig. 16 A possible model for the hydration of monosaccharides 82 
A plane of the oxygen atoms in the tridymite structure of water. 
The atoms marked A and 9 are joined by straight hydrogen bonds to the 
atoms directly below and above respectively. 
The 3.-D—glucose molecule, which can replace the hexagon marked A, 
showing the direction of possible perpendicular hydrogen bonds. 
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decrease the C(2)/C(4) permolecular effect (Appendix I) and also 
the k(O-E)(0-H) contribution by diminishing the exocyclic angle 
of the O-C-C-O conformational units (fig. 2 in the General Introduction; 
where both u and x are oxygen atoms). This is consistent with the sign 
of the changes in the rotational constants required to fit the observed 
results. Also, in water, as the temperature is raised the X-ray 
diffraction pattern shows 86 that there is a decreasing probability 
of water molecules being spaced 4.5 - 5.32 apart. This breakdown 
of the "lattice water" with the removal of the special solvation would 
be expected, on the basis of the above suggestion, to give (c.m.r.) Og 




	 and this is generally observed. comoro) 
2 
As previously mentioned the (/com.ro) 
HO  values measured 
by Reeves (table 1.3 and ref. 75) also have the same relative (but 
not absolute) values as those reported in this study, apart from 
those methyl glycosides which have vicinal diaxial hydroxyl or 
hydroxyl/C(l) - 00H3 groups. This alkali sensitivity of the 
glycosides, where the effect of the alkaline water solvent may 
be thought of as being equivalent to that expected from a water/dimethyl 
suiphoxide hybrid (table 1.3)9 could possibly be due to the large 
structure-breaking capacity of the highly solvated hydroxyl ions on 
bulk water8 coupled with increased repulsions of the axial hydroxyl 
group with the ring oxygen lone pair orbitals under ionising conditions. 
The breakdown of the "lattice water" would be expected to diminish 
the special solvent effect of water although the unstructured 
alkaline water solvent would still be str'ongly hydrogen bonding, 
11 
c.fo dimetbyl suiphoxide. Similar effects ar6 observed on the optical 
rotation of methyl-13-maltoside and amy1e when water is replaced by 
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aqueous alkali or dimethyl sulphoxide and this will be discussed in 
Chapter 2 From the results of this study given in table 13 it 
is apparent from the srnall(4c.mr) Th1SO value and the large 
\ loxan 	 2 ( c0m.r.j .0 H 0 that methyl ar... -D-mannopyranoside is inconsistent 2 
with the explanation developed above but is consistent with the small 
NaOH ( 	 observed by Reeves 75 for this compound. Thus for cemore)  
methyl o -D-mannopyranoside aqueous alkali and dimethyl sulphoxide 
show anomalous behaviour giving optical rotation values very close 
to those of the water value and similar effects are observed 75 
for methyl o(. -D-lyxoside, altroside and guloside and methyl 
0(-L-rhamnoside, in aqueous alkali. 
In conclusion, just as a wide range of rotational constants 
7 1 8912 can be employedin the determination of the molecular rotations 
of carbohydrates, a similar wide range is possible for the postulated 
change in the value of these with variations in the solvent or 
temperature. Moreover, this approach is also subject to all the 
limitations 10  caused by considering only one type of interaction. 
However, it is felt that the evidence presented here indicates that 
the concept of solvent dependent changes in the magnitude of these 
interactions (hypothesis b) can be at least as important as that of 
solvent induced changes in the conformational equilibria (hypothesis a). 
The evidence presented here also suggests that in the sugar residues 
which are important in biological systems there could be small, solvent 
dependent changes in the rotational equilibrium of the hydroxymethyl 
group around the C(5) - C(6) bond. Also the suggested explanation of the 
observed changes in the compensated molecular rotation when the solvent 
environment is altered involves small solvent induced changes in the ring 
chair conformation. This makes hypothesis(b) equivalent to hypothesis(a) 
and a fuller understanding of the effect of solvent environment 
would have to consider both the direct and the indirect influences 
of any change in the solvent environment on the optical rotation 
of the residues which constitute the biological molecules. 
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CHAPTBP  2 
THE CHARACTERISATION OF THE LINKAGE ROTATIONS OF SOM DI, OLIGO AND 
POLYSACCHARIDES BY OPTICAL ROTATION ?ASURNTS AT A SINGLE WAVELENGTH 
INTRODUCTION 
The overall shape of di, oligo and polysaccharides is 
determined by two factors. 
The conformation of the individual monosaccharide residues. 
The relative conformations of pairs of these residues around their 
glycosidic linkage. 
The sugar residues in the carbohydrate oligomers and polymers which 
have been subjected to detailed conformational analysis exist in the 
expected ring chair conformations. Thus if a reasonable value (usually 
around 117 0 ) is assumed for the C—O—C bond angle associated with the 
glycosidic linkage only two more variables require to be defined to 
determine the conformation of a disaccharide unit. These are the 
torsional angles, 0 and ,b , around the glycosidic linkage and are 
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The definition of the conformation with 0 = 	= 0 is an arbitrary one 
and as yet no standard definition has been agreed. In this study 
Rees"5 notation, AØ LY* , is used for which the angles are 
measured from the positions which bisect the reflex angles 
ON - c(i) - C(2) and C(3) - C(4) - c(5) respectively (for a 
1 1 4—linkage) and have the positive directions given in Appendix 1. 
The methods now in use for the calculation of the conformational 
energies of polysaccharides have recently been assessed 88 and it was 
concluded that even though the energy functions remain incompletely 
developed and tested, conformational analysis can still make ueful 
predictions for polysaccharides. Despite uncertainties about the 
energies arising from polar, torsional and hydrogen bonding interactions 
the interatomic distances at which van der Waals repulsion becomes 
intolerably severe are well known for most pairs of atoms and can be 
used as a first approximation to the assessment of conformational 
stabilities 89. Conformations are said to be "fully allowed" if all 
pairs of atoms are separated by greater distances than the sum of their 
van der Waals radii and "marginally allowed" if some separation 
distances are closer than this sum but no closer than 09 of this sum. 
All possible conformations may be sampled by using a computer to step 
through £ 0 and 	L' and the results are normally plotted as a 
conformational map. More than 90% of the conformations on the map 
are disallowed l 6 , as shown in fig. 22 for o&-1 1 2; o&.—1,3 and o-14 
linked glucobiose residues. It is also noticeable that the maps are 
rather similar when the convention for 0 and "/' which is used in this 
Chapter is employed and this similarity is also apparent when energy 
functions are used90 . 
For o& —1,4 and f3—l 1 4 linked polysaccharides it is possible 
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Fig. 22 	Conformational map for —l14,-193 and —1 1 2 glucans; 
the allowed conformations are enclosed by continuous, broken and 
dotted lines respectively. 	The map is a corrected version of the 
one in ref. 14 
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ovyial ElLrLIUW1700. Fi 	2.3 shovio tho onor:,y mtpu do.vivoJ. for 
.1,449  (LnCl ch _l,491994' linkages by Otoppin o  the angles 	Ø an 
through small increments and computing the van der Waals energy 
at each stage. The most. likely hydrogen bond across the —1,4 
linkage is between 0(3' ) and  ON (fig. 2.4(a)) and across the 
L-124 linkage it is between 0(3') and 0(2) (fig. 2.4 (b))0 The 
boundaries of these hydrogen bonds as determined by the 0.000 
distances are shown in fig. 2.3 by the dotted lines0 
The 	—i14 linked disaccharides 3—cellobiose 92 and 
methyl —cellobioside93 have slightly different crystal conformations 
but both lie in that region of the map which offers the best compromise 












the "bent chain" conformation of cellulose is also shown and it lies 
in the same region as the established disaccharide conformations and 
appears to be stabilised in the same way. For the —1,4 linkages 
similar correlations emerge that only a narrow band of the map allows 
HO 
75 
Fig. 23 Comparison of the conformations of glycosidic linkages 
in di and oligosaccharide crystals with conformational energies and 
with possible polysaccharide conformations. The limits of the 
possible hydrogen bonds described in the text are indicated by the 
dotted lines. The van der Waals energies are shown by the contours 
of constant energy and are in k cal. (1 k cal. = 42 kJ). When 
the results were given in terms of other conventions for 0 and 
they were converted to A 0 and 	using the approximate relations 
given in ref. 15. 
(3-1,4 Linkage; the symbols are I, (3—cellobiose92 ; 0 , methyl (3— 
cellobioside93; 0 1 the "bent chain" conformation for cellulose. The 
map is adapted from ref. 49.. 
,(—1,4 Linkage; the symbols are •, P—maltose94 	cyclohexa—amylose95 , 
0 1 methyl (3—maltoside 6 ; 	0 1 left handed v—amylose;, left handed 
hollow helix model for 3—amylose0 







A+ 	 z ;~ Oi 
-40 
(b) 
Fig. 23 The legend is given opposite 
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simultaneous hydrogen bonding and low van der Waals energy and all 
the experimentally established conformations of small molecules lie 
in this. The left handed V—amylose and the "hollow helix" 13—amylose 
conformations relate to the model compounds in the same way cellulose 
did to its own series0 
Investigation of the Linkage Conformation in Solution 
Although ordered conformations of polysaccharides are likely 
to be found in the solid state due to cooperative effects between 
chains as well as within them, in a typical polymer conformational 
entropy is likely to offset this in solution, because of the 
possibility of rotation about a large number of bonds in the 
molecule with very little change in its internal enerr, and thus 
a random coil is normally to be expected. It is presumed that the 
fluctuations in t 0 and tv* at each linkage will be. confined to 
values within the allowed area of the conformational map for most 
of the time. Thus the populations of particular conformations could 
be calculated from the Boltzman distribution law and an average 
t4 and A '* derived from this to specify an "average linkage 
conformation" 
The first and one of the most elegant methods for experimentally 
investigating linkage conformation was by 
1  H n.m.ro spectroscopy in 
dimethyl sulphoxide solution using the observable hydroxy proton 
resonances. These resonances show a downfield shift when they 
are involved in intra—molecular hydrogen bonding. For example 
the presence of the 0(3').0(2) hydrogen bond in o&.-124 di and 
oligosaccharides and amylose could be demonstrated in this way 
98 
The proportion of conformers having this hydrogen bond was found to 
diminish in the order cyclodextrins > amylose > maltodextrins > 
maltose and this is consistent with the evidence from optical rotation 
78 
measurements which will be discussed later in this Chapter. For 
f3-1 2 4 glucans the spectra were consistent 
98999 with the presence 
of the 0(3')0000(5) hydrogen bond. The influence of competition 
and steric effects that may alter the solvent—solute hydrogen 
bonding must also be considered when this method is used but these 
complications appear to be readily predictable 
100 
 0 
A rough correlation also exists between the chemical shift - of 
H(i) and the value of AØ presumably due to the diamagnetic shielding 
101 
by the aglycone bond 1009 
	Although only AØ  can usually be 
estimated and the effects are small the method can, in principle, 
be applied in any solvent including water and is, therefore, more 
versatile than the method described above. More recently 13C n.m.r$ °2 
has also been used to gain information about linkage conformations in 
aqueous solution. This method shows great promise and the results 
will be discussed later in this Chapter. 
Finally it has been shown151622  that the optical rotation of 
di, oligo and polysaccharides can be empirically related to the 
linkage conformation in solution and this treatment has been 
discussed in the General Introduction. As already mentioned this 
one parameter is insufficient to determine 	& 0 and L—/- but it 
can be used to determine whether the crystal conformations of di and 
oligosaccharides dominate in solution and an example of this is given 
in Appendix 1 for methyl-3—cellobioside. Similarly the linkage 
rotations of the conformations suggested by n.m.r. measurements or 
by conformational analyses can be compared with the experimentally 
observed values. Moreover conformational principles and the shift in 
the linkage rotation P- obs] D can show 
16  how the linkage conformation 
is influenced by structural change and by attractions and repulsions 
such as van der Waals interactions,dipolar interactions and inter—residue 
hydrogen bonding. 
In this Chapter the effect of solvent and temperature on the 
linkage rotations of a few disaccharide glycosides has been studied. 
Using the results of this study, along with conformational analysis, 
a suggested explanation is given for the observed anomalous linkage 
rotation of cyclohexa-amylose in aqueous solution. The implications 
of this hypothesis on the solution conformations of the larger 
cyclodextrins, the maltodextrins and amylose, as indicated by their 
optical rotation, are also discussed. 
EXPERIMENTAL 
lo PreDaratiorl of SamDles 
Methyl 13—cellobioside was a gift from Dr I.C.M. Dea and had 
m0p0 187-191°C; 	250C = —1801 0 ; lit, value mop. 193 °C; [8.] D = —191 
(Micheel). The methyl o(—sophoroside was prepared by W.G. Blann and had 
mop. 251-255°C; 	&] 250C = 637 0 
. 
1. (a). Pre2aration of Anhydrous i—O—(cK —D—Glucoyranosyl)—O— o(--D-
Glucopyranoside (& ,o' —Trehalose) 
,d—Treha1ose crystals from a commercial source (Nutritional 
Biochemicals Corporation, Cleveland, Ohio) were dissolved in ethanol 
and a small volume of benzene was added before removal of solvent 
using a rotary evaporator. This was repeated twice and was followed 
by twice repeating the process using ethanol alone. The sample was 
recrystallised from ethanol, dried overnight in a vacuum desiccator 
0 	 0 
and stored tightly sealed: mope 207-211 C; lit, value mope = 203 C 
(Micheel) 0 
1. W. Preparation of Methyl —Ma1toside Monohydrate'°3 
(i) Preparation of Methyl Hepta—O—acetyl-3—M alto side 
Finely powdered maltose (50 g) was suspended in..acetic acid 
(250 ml) and acetic anhydride (125 ml). Perchloric acid (1.5 ml) 
was added to the cooled, stirred mixture and the flask was stirred 
for 90 minutes. The clear solution was cooled to 000  and a 40% w/v 
solution of hydrogen bromide in glacial acetic acid (200 ml) added. 
The mixture was allowed to warm to room temperature and was then 
poured into 1o5 litres of ice—cold water and stirred for 15 minutes. 
The sticky precipitate was filtered off, washed twice with water and 
dissolved in chloroform. The chloroform solution was washed once with 
water, once with aqueous sodium bicarbonate and once more with water 
before being dried overnight over anhydrous magnesium sulphate. The 
chloroform solution was filtered and concentrated to a thick syrup. 
E-15 
This amorphous hepta-o.-acetyl---maltosyl bromide was shaken 
in benzene (225 ml) and methanol (45 ml) in the presence of mercuric 
cyanide (45 g) for 3 hours. 1,2 Dichioroethane (750 ml) was added 
and the resulting solution washed with water until the washings gave 
no precipitate with silver nitrate solution. The solution was dried 
overanhydrous magnesium sulphate, filtered and concentrated to  syrup 
which crystallised on the addition of ethanol. The crystals were 
recrystallised twice from ethanol and had m.p0 125 — 128 °C; lit. 
value 128 - 129 °C (Micheel). The yield was 21 g (-'-' 22% overall 
from maltose) 
(ii) Prparation of Methyl -Maltoside Monohydrate 
The methyl, hepta-o-acetyl-3-maltoside (21 g) 'was refluxed for 
5 hrs in anhydrous methanol (150 ml) containing n-butylamine (4 ml). 
The solution was concentrated to a thick syrup which was dissolved in 
ethanol, a small amount of benzene added and the solvent taken off 
on a rotary evaporator. A white amorphous solid (10.8 g) was obtained 
and infra red showed no sign of the acetate carbonyl peak at 1750 cm' 
but gave a peak at 1660 cm' and a large broad hydroxyl stretching peak 
centred at 3750 cm-1, The sample was reci'ystallised twice from 
ethanol and dried in a vacuum desiccator: m.p. 107 — 110 °C; 
[j25°C = 7710 ; 	lit, value m.p. 110 — 111°C; [0D = 78.8 
(Micheel) 
1.(c). Pr eparation of 1 1 5 Anhydro 4_(0-_D-Glucopyranosyl)-D-Sorbitol 
(1) Preparation ofThiophenyl, Hepta-o-Acetyl -Cellobioside
104 
Octa-o -acetyl cellobiose (30 g) was suspended in chloroform 
(50 ml) and 45% w/v hydrogen bromide in glacial acetic acid (150 ml) 
added. The mixture was shaken for 10 minutes and the resulting 
solution allowed to stand for a further 90 minutes before being 
poured into ice—cold water. The chloroform layer was separated 
and the water layer twice more extracted with chloroform. The 
combined extracts were washed with water and concentrated to 
100 ml 
This chloroform solution was added, without drying, to . -- 0.45N 
alcoholic caustic potash (100 ml), prepared by dispersing potassium 
hydroxide (25 g) in ethanol to which thiophenol (4.8 ml) had been 
added. The condensation was completed by warming the mixture (45 - 
500C) for 1 hr. The clear lia_uor with its crystalline deposit of 
potassium bromide was repeatedly washed in a separatory funnel with 
dilute aqueous sodium bicarbonate until the odour of the thioalcohol 
became faint. The chloroform solution was finally washed with water 
and dried over anhydrous calcium chloride. The solution was then 
concentrated to a thin syrup and the phenyl—l—thio, hepta—o—aoetyl-3-
cellobioside precipitated by the careful addition of light petroleum. 
The crystals were twice recrystallised by dissolving them in warm 
chloroform (100 ml) and precipitating them by the addition of hot 
absolute alcohol: mope 220 - 223°C; lit, value 225 - 2260C; 
yield 175 go 
(ii) Preparation of Repta—o—Acetyl 1 1 5 .Anbydro 4(0-3—D7Glucopyranosyl)-
D—Sorbitol 105 
The phenyl—l—thio, hepta_o_acetyl_13_cellobioside (175 g) was 
suspended in absolute alcohol (150 ml) and to this was added Raney—
nickel (150 g) in absolute alcohol, which had been freshly prepared 
as indicated in the General Methods section. The mixture was refluxed 
gently for 1 hr and, after cooling, the supernatant solution was 
decanted and the nickel washed by decantation with three successive 
portions (150 ml) of boiling absolute alcohol. The combined 
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decaritates were filtered through a scintered glass funnel and 
concentrated to r.— 800 ml where crystallisation was spontaneous 
as a mass of fine needle shaped crystals. These were filtered off 
and dried in a vacuum desiccator; yield 6.8 g. The product was 
twice recrystallised from ethanol and had m0p. 190 - 193°C; lit. 
value 194 - 195°C105. 
(iii) Preparation of 1 95 Anhyd ro 4—( 0-—D—Glucopyran o syl) —D—Sorbit ol 
The hepta—o--acetyl 1,5 anhydro 4—(04—D—glucopyranosyl)—D-
sorbitol was dissolved in anhydrous methanol (60 ml). To this was 
added 5 ml of a freshly prepared solution of sodium methoxide 
(Ol g sodium in 20 ml anhydrous methanol). The reaction mixture 
was allowed to stand at room temperature overnight and after checking 
it was still alkaline to phenolphthalein an equal volume of water 
was added. The solution was neutralised by stirring it with I.R. 120 
Amberlite resin (25 ml) in the hydrogen form and the resin filtered 
off. The clear solution was evaporated to dryness, anhydrous methanol 
(50 ml) added and the solution again evaporated to dryness. This was 
repeated before the product was recrystallised twice from ethanol; 
yield, 2 g; mopo 167 - 170°C; lit, value 172°C 105 0 
2 Solvents Used in the Optical Rotation Measurements 
The measurement ofthe optical rotation against temperature was 
carried out in distilled water, dimethyl sulphoxide and, for the 
methyl 13—maltoside, dioxan. It was not possible to dissolve a 
sufficient quantity of the other samples in dioxan to measure the 
variation of their optical rotation with temperature. The dimethyl 
suiphoxide and dioxan were redistilled before use as described in 
Chapter l 
3. Preparation of Sample Solutions 
The solutions used for the optical rotation measurements were 
made up in volumetric flasks and had accurately recorded concentrations 
of the order of 1 -'1o5 g/lOO ml. For o(,(—treha1ose a smaller 
concentration, which gave a reading on the polarimeter close to 10, 
was used. For the solution of methyl 3—maltoside in dioxan the 
maximum amount which could be dissolved (--- 001 g1100 ml) was used. 
All solutions were millipore filtered and transferred to the polarimeter 
cell in one operation using a syringe. 
40 Measurement of Optical Rotation against T emperature 
The optical rotation measurements were carried out as 
described in Chapter 1 and the readings were corrected for the cell 
blank of the cell containing the appropriate solvent as described in 
the General Methods section. 	The specific and molecular rotations 
of the sample solutions at each wavelength and temperature were 
calculated using the formulae given in the General Introduction. 
These were normalised for comparison with the values at 25 °C, in 
the same solvent, by compensating for the change in refractive index 
and density using the equation given in the Experimental section of 
Chapter 1 
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RESULTS AND DISCUSSION 
As described in Chapter 1 1 the normalised molecular and specific 
rotations were plotted against temperature and the best curves drawn 
through the points. As for the monosaccharide methyl glycosides the 
change in the molecular rotation with temperature was small and 
either linear or could be best fitted by a shallow curve. The points 
on the graph lie very close to the best curve for the measurements 
made in distilled water and dimethyl sulphoxide but the measurements 
for methyl 3—maltoside in dioxan are more scattered about the best 
curve because of errors in these measurements caused by the very 
limited solubility. As in Chapter 1 to compare the values in dimethyl 
suiphoxide and dioxan with those recorded in water the normalised 
molecular and specific rotations were compensated for the change in 
the solvent refractive index using the eq.uation: 74 




c0s0r0 ) 	(normalised specific roto) 5 	j 
T°C ' (n525°C )2 + 2 
The normalised molecular and specific rotations at T °C In the solvent 
(5) which has the refractive index (n 2500) at 25 0C, were taken from 
the best curves drawn through the points on their respeàtive graphs 
and (n 5 ) is the refractive index of water at 25 °C. These compensated 
rotations are, therefore, the normalised molecular or specific 
rotations referred to the refractive index of water at 25°C and they 
are given in table 2.1; the compensated specific rotations are given 
in the brackets. Only the results obtained at the sodium D line, 
589 nm, are recorded in table 21 the results obtained at 546 nm 
being given in Appendix 3° 
The values for the compensated molecular rotation (c.mor.) 
of the disaccharide glycosides, at 589 nm, can now be used, along 
TABLE 2.1 
The Variation of the Compensated Molecular and Specific (in brackets) Rotations with Temperature at 
Value of c.m.r. and cosor. (in brackets)at the temperature indicated 
Sample Solvent 20 25 30 40 50 60 70 80 
Methyl 13-cellobioside H20 -65.3 -64.6 -63.9 -62.6 -61.5 -60.7 -60.0 -5905 
(-18.3) (-18.1) (-17.9) (-17.7) (-17.4)  (-17.1) (-16.9) (-16.8) 
DM50 -69.2 -67.8 -66.5 
 
-6402 -63.2 -607 -59.3 -58.2 
(-19.6) (-19.2) (-18.7) (-180) (-1704) (-17.0) (-16.6) (-16.3) 
Methyl f3-maltoside H20 288.2 288.3 288.4 288.6 288.9 289.1 289.4 289.7 
Monohydrate (77.1) (77,1)  (77.1) (77.2) (77.3) (77 0 4) (77.4) (77.4) 
DMSO 2146 216.7 2188 222.5 225.8 229.0 2318 234.4 
(575) (580)  (58.5) (5905) (60.4) (6102) (6200) (6207) 
Dioxau 213.6 216.6 219.5 224.5 228.5 231.8 233.9 235.5 
(57l) (58.0) (58.8)  (60.3) (61.4) (62.2) (62.7) (63.0) 
Methyl o-sophoroside H20 226.9 227.0 227.1 227.3  227.5 227.7 2277 227.7 
(63.7) (63.7) (63.8) (63.9) (63.9) (64.0) ( 639) (63.9) 
DM50 225.2 225.6 226,0 226.6 227.2 227.1 226.5 225.8 
(63.1) (63 ,3) (63 , 4) (63.7) (63.8) (63.8) (63.6) (63.4) 
Sample 	 Solvent 
a,o.-Trehaloso 	H 2  0 
DMSO 
1 9 5 Anbydro 4-(0-43-D- 	H 2  0 
glucopyranosyl) 
D-sorbltol 	 DM50 
TABLE  































(1828) (1827) (1825) (182.4) 
584.3 
	
58503 586.1 586.6 











74. 1 	72.8 
(2303) (23.0) (2207) (22.3) 
Co 
TABLE 22 
The Variation of the Di saccharjd.e Linkage Rotation [Aobs.J with TemDerature at 589 rim 
Value of 	[Aobso] at the temperature indicated 
Sample Solvent 20 25 30 40 50 60 70 80 
Methyl 	—oe1lobioside H 2  0 591 59.4 5905 596 597 5905 59o4 59o3 
DMSO 598 586 583 572 550 54o5 53.7 524 
Methyl 	—maltoside H 2  0 467 46.3 45o9 450 44.3 43.5 429 42.3 
Monohydrate DMSO —197 —189 —175 —15.4 —136 —117 - 907 - 709 
Dioxan —24.5 —228 —213 —181 —153 —125 —106 - 9.1 
Methyl s.—sophoroside H20. —146 —150 —154 —163 —171 —179  —188 —197 
DMSO - 9.1 —10.0 —10.3 —11.3 —12.2 —13.6 —150 —16.5 
, 	 —Trehalose H 2  0 +1901 +18.3 +177 +16.3  +14.9 +13.5 +12.1 +105 
DMSO —1803 —174 —16.3 —144 —12.7 —11.3 --9-9 - 806 
with the c.m.ro values of the methyl o( and 13—D glucopyranosides 
given in table 1.1 9 to calculate the observed linkage rotation 
obsD for the disaccharides by using equation (i) given in the 
General Introduction. The empirical method is also given in more 
detail in Appendix 1 and an example of the calculation of[J\.. obs]D 
is also given for methyl 13—cellobioside in aqueous solution. The 
variation of the linkage rotation of the disaccharides with temperature 
in the solvents studied is given in table 2.2. This type of approach 
means that the variation of C-A obsD with temperature contains no 
contribution from the monosaccharide residues which make up the 
disaccharide and no contribution from any possible change in the 
rotational equilibrium around the c(i) - OCH3 bond. Moreover the use 
of the monosaccharide and disaccharide glycosides in the determination 
of[J\.. ObS] D avoids any possible errors due to differences in the 
mutarotation equilibria of the parent mono and disaccharides. 
13—Linked Disaccharides. 
The graph of the linkage rotation [A obs]D against temperature 
for the 13—linked disaccharides, methyl 13—cellobioside and methyl 
c(—sophoroside, in water and dimethyl suiphoxide is given in fig. 2.5. 
For methyl —cellobio side it can be seen that the[ 	 are 
very similar in both solvents although the values do diverge at 
higher temperatures. This indicates that at room temperature the 
preferred conformations of methyl 13—cellobioside in both these 
solvents may be very similar. Moreover, the values of 0 and-4-which 
have been calculated49 from the crystal coordinates for 13—cellobiose92 
correspond to 	= 420, 	= —18° , i.e. [.t calc]D = 620 , which 
is in remaicably good agreement with the observed values in both 
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Fig. 2.5 	Graph of the linkage rotation[A...]D  against temperature 
for n—linked. disaccharides. 
the crystal and solution conformations are similar comes from the 
n,m0r0 of cellobiose in dimethyl suiphoxide (Introduction to this 
Chapter and ref.98) which shows that there is a hydrogen bond to 
ON which is likely the 0(3 1)... ON bond observed in the crystal. 
This agreement between the observed and calculated rotations 
does not suggest that the disaccharide is locked in its crystal 
conformation in solution but rather than the intramolecular energy 
is near the minimum in the crystal conformation and indeed calculations 
indicate that the cellobiose crystal conformation is very close to 
the minimum of van der Waals and hyd±ogen bond energy (Introduction 
to this Chapter). In solution it is expected that LIØ and 
will fluctuate about this minimum energy conformation but the 
observed agreement between 1" obsiD and 1.1' calc]D suggests that 
this oscillation is probably of very small amplitude at room 
temperature. From the Boltzmann distribution law the population 
of conformations with intramolecular energies greater than the 	- 
minimum will be increased when the temperature is raised. The fact 
that the [A obsiD 	
dimethyl sulphoxide decreases with increasing 
temperature while very little variation is observed in; aqueous 
solution therefore suggests that either,in contrast to the aqueous 
solution,the energy well is not symmetrical in dimethyl suiphoxide 
or that the minimum energy conformation is stabilised by some 
additional factor when water is the solvent. One possibility for 
the latter suggestion comes from the work of Kabayama and patterson82 
who have shown that the "bent 	conformation of cellulose can 
be fitted into the tridymite water structure (discussed in Chapter i) 
without undue distortion. This conformation is very similar (fig. 2.3) 
to the cellobiose crystal conformation-and it is Dossible that in 
92 
aqueous solution compatibility with the "lattice water" may increase 
the relative stability of the minimum energy conformation. 
For methyl -sophoroside the [A ObS] 5° in water and 
dimethyl sulphoxide also have very similar magnitudes although 
their absolute values are very different from those observed for 
methyl 13-cellobiosidee As discussed in the General Introduction, 
Rees has shown that for di-equatorial glycosidic linkages the 
numerically averaged values of iØ and Afr( 	and 	are 
almost independent and that glucosyl oligomers may be assigned the 
cellobiose 67 value (420). If this is done for methyl 0&-sophoroside 
we can therefore calculate the fry-value from the[J\. obs]D given 
in table 2.2 using equation (3) given in the General Introduction. 
This has been done for the [A. bID 	in water and the A o 
value is compared with that of methyl 13-cellobioside in fig. 2.6. 
Examination of molecular models shows that replacement of the equatorial 
substituents adjacent to the glycosidic oxygen by smaller substituents 
allows much more freedom around the glycosidic linkage in methyl 
-sophoroside than is possible for methyl 13-cellobioside. This is 
in agreement with Rees 	
16 .  first ruleConsidering now.-the second 
rule the results obtained here suggest that replacement of the bulky 
hydrormethyl group at R3 in methyl 13-cellobioside by a hydroxyl 
group in methyl -sophoroside has a larger effect than the replacement 
of the hydroxyl group at R2 by a hydrogen atom and leads to the observed 
shift of -,L- to the right in methyl -sophoroside. Another contributing 
factor may be that in addition to the possibility of an 0(3') .. ON 
hydrogen bond similar to that suggested for methyl ç3-cellobioside an 
0(2) 	0(3 1 ) hydrogen bond is also possible for methyl 0 -sophoroside 
(fig. 27). A study of molecular models shows that jfr= 180 for methyl 








methyl p-cellobioside - 19 	 18 Methyl I.-sophoroside 
I -71 25 °C 
R2 	R3 	 L'Jii2O 
Methyl -Cellobioside 	H 	OH CH2OH 	H 	-190  
Methyl S..-Sophoroside 	0CH3 	H 	OH 	H 	+180 
Fig. 2.6 	Values of 	calculated from the optical rotations of 
methyl 3 cellobioside and methyl 0&-sophoroside as described in the text0 
The stereochemistry about the aglycorie bond is shown as a Newman 
projection down the bond, viewing from the glycosidic linkage. 
, 	
,i Rees 16 has indicated how s method of plotting allows the 
results to be easily translated into models: i.e. 
- a I raincvork ol Dividing iiiode 1 of the 
disaccharide with 
60
fixed according to the assumption used 
(see text), is held so that the glvcosidic oxygen is at the apex 
of the diagram, the aglycone bond is perpendicular to and 
pointing behind the diagram, and C—H is eclipsed by the line 
shown for AO == 0 C( 1) is then rotated about the agivcone 
bond until O(l)—C(l), projected onto the diagram and pro-
duced, passes through the point which is plotted for the com-
pound. - 
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0i—sophoroside is compatible with this latter hydrogen bond but 
indicates that it is unlikely that the molecule spends much of its 
time in the 0(3') 	ON hydrogen bonded conformation since this 
has a very much larger 	value ( > +60 0). \Thon the solutions of 
methyl —sophoroside are heated the [A obsD become more negative, 
as shown in fig. 251  and the 	-- values more positive. This 
variation of the 1" obsiD values with temperature, in both solvents, 
again suggests that the ener' well is shallow and unsymmetrical 
for this compound, the variation in dimethyl suiphoxide being only 
slightly greater than it is in water. 
Linked Disaccharides 
The graph of the linkage rotation [.A obs3D against 
temperature for the —linked disaccharides, methyl —maltoside and 
95 
,S.-trehalose, in the solvents studied is given in fig. 2.8 
and it is immediately obvious that some additional factor must be 
considered in order to rationalise these observed linkage rotations. 
Thus, although the AObS]D of methyl 13-maltoside in dimethyl 
sulphoxide and dioxan are very similar at room temperature and also 
give only small differences in the magnitude of their variation with 
temperature, the 	obs1D in aqueous solution is grossly different 
both in its magnitude at room temperature and in the sign of its 
variation with temperature. A similar but smaller effect is also 
apparent for the observed linkage rotation of 	,-trebalose in 
dimethyl sulphoxide and water. 
A comparison of the linkage rotations observed for methyl 
13-maltoside in this study with the calculated vaiue,LØ = 
A'*= 13° , i0e0 ['L calciD ~1090 1 indicates that in all the 
solvents studied the crystal conformation 95 does not exist in 
solution. This is probably because in the crystal the linkage 
conformation is very close to the eclipsed position for both bonds 
and although the 0(2) o.. 0(3') hydrogen bond could offset these 
repulsions in the crystal this is unlikely to occur in strongly 
hydrogen bonding solvents such as water or dimethyl sulphoxide. 
The van der Waals minimum is at L 0 = -300 , L -'/-  = -'10, i.e. 
[1\ calclD = 
-24 91, Comparison of other calculations (fig. 2.3 
and ref. 97) suggest an additional minimum which has been estimated 
at 5 Ø= -700 ,Lk= •_300 i.e.A. calciD = 680 but could be in 
the region up to d 	-700 , A 	-50 	For the purposes of this 
discussion a value of Ø = -70° , -t-= -40° , i.eo [i' calc]D = 850  
will be used. 
Rees15 has suggested that methyl 13-maltoside in dimethyl 
25°C 
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Fig. 2.8 	Graph of the linkage rotation 
[]D 
 against temperature for 
—linked disaccharides. 
mixture of both of these conformations which minimise van der Waals 
repulsion with the hydrogen bonded crystal conformation. This is 
consistent with the evidence from 
1 
 H n.m0r0 spectroscopy where (i) 
the chemical shift of the anomeric proton suggests that the c(i) - H 
bond is on average further from the eclipsed position ( EØ = 0) than 
9 400,101 the corresponding bond in cyclohexa-amylose 	 (discussed later 
in this Chapter) and (ii) the downfield shift of 0(2) and 0(3) proton 
resonances of cycloamyloses, caused by hydrogen bonding of the type 
found in the crystal, is also observed for maltose but is less 
pronounced 
98 showing that the molecule spends less of its time in 
a hydrogen bonded conformation. The shift is large enough, however, 
to suggest that the conformation with [" cab] D = 85 ° must make an 
appreciable contribution to the conformation. 	In the non polar 
solvent, dioxan, where there will be only weak solvent-solute 
association the methyl -maltoside would be expected to spend more 
of its time in the hydrogen bonded conformation and consequently the 
A obs] D should be more negative than it is in dimethyl suiphoxide. 
This is in fact observed, 	obs D 
] 250C = -228 ° , but the effect 
is very small. When both these solutions are heated the[-/\- 	] obs D 
become more positive as might have been expected since the effect 
of raising the temperature is to break down the hydrogen bond and 
increase the population of the other (more positive) conformations. 
Consistent with this the slope of the curve (fig. 28) is greater in 
dioxan than in dimethyl sulphoxide but again the effect is very small. 
	
In aqueous solution the observed linkage rotation ([I obJD 	= 
46.30) suggests that the molecule must spend a much larger proportion 
of its time in the conformation with A 	= 85
0 
caic D 	
. Such a 
106 
conformation has also been independently suggested to account for 
R 	 N 
Fig. 2.9 A Corey—Pauling —Koltun (cPiC) space filling model of 
methyl —rnaltoside in the "folded" conformation. The hydrogen 
atoms H(4) and 2H (6) on the R residue are in contact with R(3) 
and R(5) on the IT residue. 	It is not possible to arrange 	—1 24 




The specific and linkage rotation of methyl 3-maltoside in 
aqueous and 5 N NaOH solution. 
Sample 	 Solvent 
	
Specific Rot '(589nm) [AbJ D 
Methyl d-D-glucopyranoside H20 158.6 0 	a 
5 N NaOH 155-5 0 	a 
Methyl 	-D-glucopyranoside H20 -32.8° 	b 
5NNaOH -31.10 	b 
Methyl 13-.maltoside H 2  0 82.2° 	a 
5 N NaOH 66.00 	a 
a 	From ref. 107 
b 	From ref. 75. The NaOH value was measured. at 1 N but it does 
not change much with the strength of the alkaline solution and hence 
would introduce very little error into [j\- cbs] D 
when the aqueous solution is made alkaline 6 . If the linkage rotation 
is calculated for this solvent change then it can be seen that, analogous 
to the results given in Chapter 1, the alkaline solution behaves like 
a water/dimethyl sulphoxide hybrid. This might have been expected 
on the basis of the above hypothesis since, as indicated in Chapter 
1, the strongly solvated hydroxyl ion acts as a very effective 
structure breaker and creates considerable disorder in water. This 
would break down any water structure which may be the cause of the 
increased population of the conformation with [-/\- calciD = 85 ° and 
this would be expected to lead to an increase in the population of 
the other conformations mentioned above, thus explaining the 
5° 
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observed negative shift of the [A. obs]D in 5 N NaOH. This hypothesis 
is also supported by 13  n.m.r. to the extent that preliminary studies 
in alkaline solution show that the spectra have large differences from 
those in aqueous solution 102  and this should yield more information 
about the favoured conformations. Moreover, the observed negative 
shift in the linkage rotation in aqueous solution when the solution 
is heated is also consistent with the above theory since the effect 
of raising the temperature will again be (see Chapter 1) to break 
down the water structure. 
Cyclohexa—aznylose 
In the potassium acetate complex of the looped hexasaccharide 
cyclohexa—amylose 95 each segment is locked in a hydrogen bonded 




'= 9 , 
i.e. [A caic] = —105 0 . In dimethyl sulphoxide solution the' linkage 
rotation ([A. obJ D = 	) is in very good agreement with the 
above value and this conformation is consistent with the observed 
lH n.m.r. results given earlier in this Chapter. In aqueous 
solution, however, the linkage rotation ([J\..ob5]D = -) is in 
very poor agreement with the value for the crystal structure. It 
has been pointed out 15 that, whereas dimethyl sulphoxide can form 
V—àinylose complexes107 and is therefore probably capable of solvating 
the cavity in the torus shaped molecule, in water the undistorted 
cavity would probably represent a source of high free energy due to 
the inherent shape of the hole coupled with the hydrophobic nature 
of the interior of the ring where the hydrogen atoms on C(3) and 
C(5) point towards the centre. This latter fact is also suggested 
by the tendency of the molecule to form inclusion complexes in 
109 aqueous solution. When small amounts of alkanoic acids are 
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residue rather than a symmetrical puckering of the whole molecule. 
The angles 60 and &'/for all the linkages can be calculated from 
the crystal coordinates113  and are given in table 2.4 along with 
their contribution to the average linkage rotation. 	Four of the 
Table 2.4 
The glycosidic angles for the 	cyclohexa-amylose hexabydrate 
crystal conformation. 
Linkage 	iØ i '+ t\ca1clD Average [J'LciclD 
1,2 -80 15 ° -119.4° 
2,3 -180 
90 -86.70 










5 9 6 -330 460 -126.0
0  
6 1 1 -200 
40 -72.3° 
values of AØand  frare seen to be very similar but the other two 
are significantly different from these. However, when the linkage 
rotations are calculated from these using equation (3) given in the 
General Introduction it is seen that the differences in L 056 and 
A 	
from the four values which are reasonably close together, 
tend to cancel each other out and the[A..] is not much changed calc D 
from the [i' calc]D for the 1,2 linkage. In the case of the 415 
linkage 	0 and L->I' are significantly different from the other 
values and the differences reinforce each other when the [.A 	1 calc D 
is determined. Moreover, these values are tending towards the values 
for the 'folded" conformation ( AO = -70,A-/— -40) of methyl 13-
maltoside and this is reflected by the fact that the calculated 
average linkage rotation of this crystal structure, [' calc]D = _
850 , 
is closer to the observed linkage rotation, 	= _650, in aqueous 
solution. 
1o4 
Using space filling molecular models and extrapolating from the 
above results it can be seen that one glucose residue in cyclohexa-
amylose may rotate about its glycosidic linkages to approach a 
"folded" conformation. This would give an "intramolecular inclusion 
complex" for cyclohexa—amylose as shown in the photograph fig. 2.10 
and in such a conformation the internal hydrogen atoms of the 
ring are juxtaposed thus increasing the net hydrophilic character 
of the ring and increasing its compatibility with the "lattice" water. 
Thus if the value iØ = —70° , fr/= —40° , i.e0 	calolD = 85 ° 
is substituted for the 415 linkage in table 2.4 and the other values 
remain unchanged then the average 	 becomes _66o30  which is 
in very good agreement with the observed value (_650) in aqueous 
solution. Alternately if one linkage is assumed to have the value 
[A- calc]D = 850 
and all the others are assumed to be in the hydrogen 
bonded conformation,[J\.calD = _1050, the average linkage rotation 
[.t calc]D = _730 whereas if all the others are assumed to have the 
conformation calculated from conformational, energy studies, [Aca1JD = _90
0 , 
which is probably more likely in aqueous solution, the average 
[-\ calc1D = _6b0, again in very good agreement with the observed 
value. 
It is, therefore, considered that in aqueous solution cyclohexa-
amylose may exist as an "intramolecular inclusion complex", with one linkage 
in the "folded" conformation previously suggested for methyl f3—maltoside, 
thus making the molecule more compatible with the "lattice structure" 
of water. As shown in the photograph (fig. 2010), in such a 
conformation the C(6) - OH group of the residue which has been rotated 
about its glycosidic linkage will also be in the correct position 
to form a strong hydrogen bond with the hydroxymethyl group on the 
residue on the opposite side of the ring and will give this structure 
Fig. 210 	A CPK space filling model of the suggested "intramolecular 
inclusion complex" formed by cyclohexaamylose in aqueous solution. 
In such a conformation one glucose residue (A) has rotated about its 
glycosidic linkage to approach the "folded" conformation previously 
suggested for methyl 3—maltoside. In such a conformation the internal 
hydrogens of the ring are juxtaposed thus increasing the net hydrophilic 
character of the ring. The 0(6)—OH group of the residue which has 
been rotated about its glycosidic linkage can also form a strong 
hydrogen bond with the hydroxymetbyl group of the residue on the 
opposite side of the ring. 
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additional stability. There is no reason why this conformation 
should remain static and it may rotate around the ring with 
different linkages adopting the folded conformation. It is, however, 
impossible in cyclohexa—amylose to have more than one linkage in 
this conformation at any given moment. The hexahydrate crystal 
conformation may not completely adopt this conformation because of 
crystal packing considerations or, and perhaps more likely, because 
only small amounts of water are present and there is no effect from 
the structuring of the solvent which is present in aqueous solution. 
Oligpsaccharides and Amylose 
The present suggestions about the possible conformation of 
methyl —maltoside and cyclohexa—amylose in aqueous solution,as 
indicated by their optical rotations, can be extended to —1,4 
linked oligosaccharides and amylose. The [A. obi D for the cyclo-
dextrins, the maltodextrins and amylose are given in table 2.5. 
In the cyclodextrin series the [A..ObS] D increases from 
cyolohexa—amylose through the series to cyclododeca—amylose. 
This might have been expected since, as the molecules become 
larger, the glycosidic linkages gain more freedom to releve torsion 
and van der Waals strain and to make themselves more compatible with 
the water structure. Thus the "folded" conformation might be expected 
to make a larger contribution to [.A..ObS]D as the series is ascended 
which is consistent with the observed increase in its value beyond that 
of methyl 3.-maltoside in dimetbyl sulphoxide solution and beyond 
the [" calc' D for the first van der Waals minimum (-240). However, this 
increase in the [A. obsilD levels off at cycloundeca—arnylose and 
cyclododeca—amylose at a value very close to that of amylose. A 
possible reason for this is discussed below. 
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Table 2.5 
Linkage rotations forJ-1 9 4 oligomers and amylose. 
Compound H 2 
 0 MO 5 1T NaOH 
[al.JD ["obs]D L4 	VobD 1 -1-ID 
Cyclohexa-amylose 150.5 o -t
,- 	o  5 129.0' -990
a 
 
Cyclobepta-amylose 162.0 o -48 o  
Cycloocta-amylose 1774 o -21 0
a  
Cyclonona-amylose 191.00 +10 
a 




o 2000 o  +16 









1600a 1580 	52° a 140° 	-75 0 
a0 Values from ref. 15 and the references quotedthere. The values 
in dirnethyl suiphoxide solution have been corrected for the change in 
the solvent refractive index. 
b0 The values are the average of those calculated from the optical 
rotation values of C.T. Greenwood and D.J. Hourston 4 and those given by 
Bailey115 0 The values were calculated by subtracting the molecular 
rotation of the monosaccharide from that of the maltodextrins, dividing 
the result by the number of glycosidic linkages in the molecule and 
subtracting the molecular rotation of methyl -D-glucopyranoside (305.10). 
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• \IR11lOU from rof, 107; calculatod by uultr:ction of tho niolocular 
roL:Ltion of inot1iy1 cl,  - - lucopyranoido in 5 N IaOII from that of the 
"rouiduo io1ocu1ax' rotation" (°[D  x 1621100) for arnyloso. 
In the maltodextrin series the A 'os o D ] for the disaccharide 
suggests that, as for methyl -rna1toside, the molecule spends a very 
large portion of its time in the "folded" conformation. However, 
on ascending the series the [A.. obs]D  rapidly converges on the amylose 
value suggesting that there is some interaction present which reinforces 
the 0(2) •o. 0(3) hydrogen bond between neighbouring residues. It 
has been suggested 15 that this is most probably due to the possibility 
of consecutive hydrogen bonds due to the dipole interactions shown 





The linkage rotations for the large cyclodextrins (n )' 11 or 
12), the large maltodextrins (n > 7) and amylose in aqueous solution 
suggest that for each linkage there is a dynamic equilibrium between 
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the hydrogen bonded conformation or consecutive hydrogen bonded-
conformations, the van der Waals minimum conformation and the 
"folded" conformation with the last named conformation making the 
largest contribution, possibly because it is more compatible with 
water structure. In dimethyl suiphoxide there will be no effect 
due to structuring of the solvent and the intramolecular hydrogen 
bonding will also be slightly stronger than in water. Each linkage 
would therefore be expected to spend more of its time in the hydrogen 
bonded conformation and the 	obsiD = _520 for amylose is consistent 
with this. However, since the hydrodynamic data indicate that in 
dimethyl suiphoxide 
116 amylose exists as a random coil and not as 
a rigid rod,this increased hydrogen bonding does not pull the chain 
into the correct symmetry to initiate helix growth. Reeves107 also 
measured the optical rotation of amylose in NaOH solution and the 
[A.. obsiD from these results become more negative as the concentration 
of NaOH is increased, again consistent with the theory that the effect 
of hydroxyl ions is to break up the water structure thus removing 
its stabilising effect on the "folded" conformation.. For amylose 
in NaOH, however, the results indicate that an additiopal effect 
may be present since the [' obs1D does not in this case indicate 
that the alkaline solution acts like a water/dimethyl suiphoxide 
hybrid but becomes even more negative than the AObs]D  in dimethyl 
suiphoxide. Reeves was also unable to make measurements in solutions 
stronger than 5 N NaOH because the solutions gelled before mixing 
could be completed,possibly because of polyelectrolyte effects of 
the type described by Rees 34. The extra large decrease in the 
P11- obs]D in alkaline solution may therefore be caused by a 
further conformational change at the glycosidic linkage when the 
chains interact in this way. 
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The results and deductions of this study are also very 
difficult to fit in with the "hollow helix" mode1 97 for B-amylose 
since they suggest that water is unlikely to form a hydrogen 
bonded system within the helix core which can give the observed 
stability of the crystalline B-amylose. The ideas presented here 
can be much more easily reconciled with the "double helical" mode1 7 
for this crystalline compound, where the hydrophobic regions of 
each chain will be juxtaposed in the centre of the helix. The 
respective merits of these two suggested structures have been 
88 thoroughly reviewed by Rees and will not be covered here. It 
is sufficient to say that the evidence is as yet, inconclusive 
and it is not possible to make a definite decision about the 
structure of B-amylose. 
oct, o(.-Trehalose 
,-Trehalose is a non-reducing disaccharide composed of 
two -D-glucopyranose units linked by a glycosidic oxygen bridge 
between their two anomeric carbon atoms C(i) and C(i'). The 
molecule is thus symmetrical about the glycosidic oxygen and by 
extending the treatment suggested by Rees (Appendix I,'and ref. 15) 
we may deduce that for a,&-trehalose: 
obs] = [M 	L-trehalose11 - 2[M Me .-D-gluc] 
The [AobS]D values in water and dimethyl sulphoxide are given 
in table 2.2 	Similarly the JA_ealc]D is given by: 
calc]D = -210- 240 Sin iØ 
We can, therefore, use these values to calculate the observed AX 
values in water and dimethyl suiphoxide and this has been done for 
the values at 25°C0 This gives I.Ø = -530 and -720 for dimethyl 
sulphoxide and water respectively. 
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The crystal structure of o., oL..trehalose dihydrate has been 
determined by X-ray analysis in three independent laboratories 118 
The average torsion angles of the three determinations lead to the 
values 	Ø = .57.70, 	= .-4510 i.e. 	for the crystal 
conformation is -51o4° . This is in good agreement with the 
observed 6Ø (.-53) in dimethyl sulphoxide solution suggesting 
that in this solvent the molecule may predominantly exist in a 
conformation which produces an almost maximally extended structure 
similar to that of the crystal. For aqueous solution, however, the 
results obtained again suggest that an additional interaction is 
present. Studies of molecular models show that when 60 = 	the 
molecule adopts a conformation very close to that shown in the 
photograph - fig. 212. It is noticeable that in such a conformation 
two sets of hydrogen atoms become juxtaposed. These are H(i) and 
H(02) with H(5) and H (ot) and  H(lt), and H(0 1 2) with H(5) and 
H (OCHOH). Such a conformation would therefore be expected to 
increase the net hydrophilic character of the molecule. and to 
make it more compatible with the structured water in an analogous way 
to the favoured conformation suggested for methyl 13-.maltoside. This 
is supported by shifts in the [" obs]D on raising the temperature of 
the c,o<-trehalose solutions which are very similar in both sign and 
magnitude to those observed for methyl 3-maltoside (fig. 2.8). 
In conclusion it is felt that the results given.in  this study 
indicate that the structured nature of water plays a large part 
in determining the preferred conformation of •-l 1 4 linked di 
and oligosaccharideS and amylose in aqueous solution. It is 
also noticeable that the "folded" conformation ( zØ = _700, L+= 
_400), 
which has been suggested to be the conformation most compatible with 
1 ' 
I 
Fir-. 2.12 	A CPK space filling :oJe1 of 01, ,— re, ha1ooe in the 
suggested conformation in aqueous solution. 	Two sets of hydrogen atoms 
are juxtaposed: H(l) and H(0(2)) with H(5 ') and H(O'(CH2OH)) and H(l') 
and H(0(2')) with H(5) and H(O(CH2OH)). In such a conformation the 
net hydrophilic character of the molecule will be increased. 
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the "lattice" water, has a 	Ø value very close to the value 
( ZØ = _600) required before an intelligible trend can be observed 
in the average linkage conformations of —linked oligosaccharides 
in aqueous solution when only van der Waals repulsions are considered 16 . 
As mentioned in the General Introduction such an approach gave 
excellent internally consistent conclusions when applied to 13—linked 
oligosaccharides. This ,.Ø value (_600)  was suggested to be favoured 
by the exo—anomeric effect but the results of this study indicate 
that the structured nature of water may be at least as significant 
in determining the predominant conformation of o(—linked oligosaccharides 





THT D11r3NATI0N cF 	i.nOiC ACID ccrcitiox 	D s:tr;c IN 
ALCINATS USING CIRCJLAR DICHOI 
INTTODUCTI ON 
Alginic acid is a high molecular weight polysaccharide found 
ori.ginally in one of the major groups of benthonic algae, the 
PhaeoDhyceae (brown seaweed), which still provide the main 
source for it. A structurally similar polysaccharide has also 
been isolated fromzoto acte vinelandii 119 and Pseudoionas 
aeruinosa 120 but the bacterial polymer is usually also partly 
o—acetylat ed. 
Structural Studies 
Until 1955 it was thou ht that alginic acid contained only 
D—mannuronic acid but Fischer and Dorfel' 2' showed that different 
samples of the polysaccharide contained various proportions of both 







D—manruronic acid L—guluronic acid 
am 
Fig0 31 
and this has been confied by other authors 122 . After methylation, 
reduction of the carboxyl groups and hydrolysis, derivatives of 2,3 
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di-o--metbyl-D-mannose and 2,3 di-o-methyl-L-gulose were apparently 
the only products 
123  from a number of samples 124 indicating that both 
these units are 1 24-linked0 This conclusion has been substantiated 
by other methods of structural investigation 
122(b)
and the results of 
earlier work are also consistent with this 125.  When sodium alginate 
is oxidised with periodate over 40% of the hexuronic acid residues 
fail to react with the reagent. The implication that these 
periodate resistant linkages arise from 1 9 3-linkages has been shown 
to be incorrect since methylation of the unattacked portion of the 
molecule has shown that only 1 24-linkages are present 	. 
anomaly has been convincingly explained 126  by the suggestion that 
aldehyde functions of oxidised residues form stable, six-membered, 
cyclic acetals with the residues adjacent, so blocking further 
oxidation 
Isolation of 4( -0-13-D-mannopyranosyl)7D 	
127
-mannopyranose 	from 
a partial hydrolysis of the reduced polysaccharide indicates that 
the mannuronic acid residues in alginic acid are linked through 
their C(4) positions by a 3-linkage and that the linkage is 14-pyranosyl 
rather than 1,5-furanosyl. This anomeric configuration for the 
D-mannose residue is consistent with the strongly negative optical 
rotation and on this basis the L-gulose residue was generally 
assumed to have the -L-configuration. This has been shown to be 
correct by x-ray diffraction studies of poly-D-mannuronic acid and 
poly-L-guluronic acid 
128  which indicate that the D-mannuronic acid 
residues are p-linked in the Cl conformation and the L-guluronic acid 
residues are c,&-linked in the lC conformation. Very recent n.rn.r. 
evidence 
129  suggests that the residues are also in these conformations 
in solution. 	Partial fractionation of alginate samples into fractions 
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that are enriched with respect to mannuronic and guluronic acid, 
respectively, has been achieved 130but repeated fractionations 
failed to indicate the existence of homopolysaccharides. Proof 
that the two types of residue can occur in the same chain in at 
least some of the molecules was supplied by the isolation of 
oligouronic acids 131  containing both residues and of a crystalline 
mannosyi_guiose'23 from partial acid hydrolysis and its reduction 
products respectively. 
Haug et all 32 "33 have obtained information about sequence 
from an elegant method based on heterogeneous hydrolysis. The 
results showed that a certain amount of the alginate passed rapidly 
into solution but that even prolonged hydrolysis did not significantly 
increase this concentration of carbohydrate in the solution. The 
acid resistant material could be fractionated into two components 
having degrees of polymerisation of about twenty and containing 
predominantly L-guluronio acid and D-mannuronic acid respectively. 
No fraction with an intermediate uronic acid composition could be 
prepared from the insoluble material. The soluble fraction has 
been shown 1321l34  to consist predominantly of the two monomers and 
a mixed disaccharide. It has therefore been suggested that this 
fraction may approximate closely to an alternating arrangement of 
D-manriuronic and L-guluronic acid residues. The alginic acid 
molecule may thus be represented as shown in fig. 3.2 where the 
homopolyrneric blocks of at least 20 residues are separated by 
blocks of a similar length which are primarily alternating in 
structure. The homopolymeric blocks probably resist hydrolysis 
because they form crystalline regions and are therefore inaccessible 
to reagents. 
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Where - the minimum value of n is approximately 10 
Fig. 3.2 Schematic representation of alginic acid. 
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Methods Available for the Determination of the Uronic Acid Comosjtjo 
and Block Structure of Alginates 
Alginates are widely used in industry due to their ability to 
form strong gels with polyvalent metal ions and, in particular, with 
calcium ions. As discussed in Chapter 4 of this thesis, the gelling 
characteristics of an alginate are strongly influenced by its uronic 
acid composition, i0e. the ratio of mannuronic to guluronic acid 
residues (M/G ratio). This work also suggests that a more important 
parameter is the block structure of the alginate, i0e. the proportion 
of mannuronic acid blocks (M blocks), guluronic acid blocks (G 
blocks) and alternating blocks (M/G- blocks), since these blocks differ 
in their ability to form junction zones. It is thus important to 
have a reliable method for determining the M/G ratio and the block 
structure of alginates. 
The M/G ratio of an alginate can be determined by complete 
acid hydrolysis and separation of the uronic acids using chromatography 
on an anion exchange column 135 . The amounts of the two uronic acids 
may subsequently be determined colorimetrically 136,  Thestandard 
method of determining alginate block structures involves heterogeneous 
partial acid hydrolysis and separation of the various fragments by 
acid precipitation 132 , followed by determination of their uronic acid 
compositions by complete acid hydrolysis as described above. These 
methods give reliable results which can be correlated with the 
physical properties of the alginates 133 but they are very time consuming 
and are not suitable for the routine characterisation of large numbers 
of samples. Moreover, a factor correcting for the different rates 
of breakdown of L-guluronic acid and D-mannuronic acid during the 
complete acid hydrolysis must be used and this may introduce a 
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systematic error into the method0 
The carbazole reaction 137  gives very different colour 
intensities for mannuronic and guluronic acids and a method for 
determining M/G ratios of alginates has been suggested which is 
based on analysing alginates by the carbazole method applied under 
two different reaction conditions138o  There is evidence, however, 
that this method consistently overestimates guluronic acid 129  when 
applied to alginates, although it works well on mixtures of mannuronic 
and guluronic acid monomers and it is possible that the carbazole 
reagent reacts differently with the acids in the polymeric and 
monomeric forms. Moreover, unless one is experienced in the use of 
this method, it is difficult to obtain reproducible results. 
Spectroscopic Techniques 
More recently spectroscopic techniques have been applied to 
the determination of the M/G ratio and block structure of alginates. 
Mackie139 has noted that infra—red spectroscopy on films of the 
alginic acids can be used to give a very fast, semi—quantitative 
estimation of alginate M/G ratios using the areas of the bands 
—1 
at 808 and 797 cm for mannuronic and guluronac acids respectively. 
However, these bands do overlap and the estimation of the baseline is 
difficult making the method not very accurate or reproducible, as 
indeed was recognised by the author. Moreover, there is evidence 140 
that this method may overestimate mannuronic acid. Penman and 
Sanderson 129  have determined the uronic acid sequence of several 
alginate samples by splitting the alginates into alternating and 
homopolymeric fractions using partial acid hydrolysis. They 
estimated the relative proportions of M blocks and G blocks in the 
homopolymeric fraction by n,m0r0 spectroscopy making use of the 
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fact that the more shielded axially oriented H(1) in the 
13-linked mannuronate residues in polymannuronate sequences resonates 
at higher field (5-34 -0 than the equatorially oriented H(1) of 
the o.-linked guluronate residues in polyguluronate sequences 
(4096r). The concentration of alginate in the soluble and 
insoluble fractions was determined by the phenol-sulphuric acid 
reaction making the assumption that the ratio of mannuronate to 
guluronate residues (M/G ratio) in the soluble fraction was 1. 
This method is much faster than the completely chemical analysis 
described above and it can be carried out on much less material, 
The method does, however, destroy the sample used. Moreover, the 
work of Haug et a11321133suggests that the partial acid hydrolysis 
may not completely separate the homopolymeric and alternating blocks 
and this may introduce errors into the determination of the alginate 
concentration in the soluble fraction. 
As indicated in the General Introduction uronic acids show 
Cotton effects around 210 nm typical of the n -+'* transitions of 
carboxyl groups. Moreover, as shown in fig. 303 the c.d. spectra 
of (methyl 13-D-mannopyranosid)-uronate  and(methyl ,(-L-gulopyranosid)-
uronate, each as its sodium salt, have been ShownB  to be quite different. 
The sodium methyl (-L--guluronate gives a single broad negative trough 
in the spectral region from 250 to 190 nm whereas the sodium methyl 
13-D.-rnannuronate has a positive peak and a much smaller negative 
trough, at higher wavelength, in addition to the onset of a negative 
trough below 195 nm. The effect of two overlapping gaussian peaks of 
opposite sign is to increase the separation of the observed peak 
maxima and this means that the main peaks observed in the two uronate 
spectra occur at different wavelengths. This difference suggested 
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I'i, 3.3 	Tho c.d. opootra of codiuin rnothyl -i)-.muinopyrnocyluronato 
(da1icd lino) and. methyl -T--ulopyranocyluronato (continuous line); 
the oummation curvo is shown by tho dotted line. 
C. ci. 
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that it might be possible to use circular dichroism to obtain a 
simple method for the analysis of alginate composition and this is 
illustrated much more clearly, as shown in fig0 3.3 2 by the summation 
curve of the sodium 3-2-mannuronate spectrum and the sodium eIr-
guluronate spectrum. This Chapter describes the development of rapid, 
sensitive and non-destructive techniques for the determination of 




The alginate samples coded 5-10 were all from commercial 
sources; these coded 5-9 were supplied by Alginate Industries Ltd. 
while sample 10 was obtained from Alginates Australia Ltd. All 
the above samples are of seaweed origin and had been characterised 
by Dr A.Penman and Dr G. Sanderson by the n.m.r, and/or chemical 
methods described in ref. 129. In the chemical determination of the 
compositions of the alginates the results were corrected 135 for the 
different rates of breakdown of mannuronic and gulu.ronic acid on 
complete acid hydrolysis. Three alginate fragments, which were 
a gift from Dr A.Penman,were also examined. These had been 
prepared by the partial acid hydrolysis of alginate sample 7 
(using a very similar method to that described by Haug, Larsen and 
Smidsr/d133 ) into three types of short chain segments containing; 
(a) mainly guluronic acid (1); (b) a large proportion of mannuronic 
acid residues (3) and (c) a sequence in which the two types of 
residue are primarily alternating (2). These blocks have a degree 
of polymerisation of approximately 20 and samples 1 and 3 have been 
characterised by both the n.m.r. and chemical methods. The alternating 
blocks have been characterised by the chemical method only. Two 
bacterial alginate samples (11,12), which were kindly supplied by 
Dr C.J. Lawson of Tate and Lyle, were also studied. 
All the samples were purified as described in the General 
Methods section. 
1(a) 	Preparat.ion of the Marmuronate Block Sample (4)133l4l 
Sodium alginate (sample 8: 30 g) was hydrolysed heterogeneously 
in 0.3 N hydrochloric acid (i i.) at 1000C. After 20 minutes the 
solution was removed from the insoluble material by filtration and 
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washing with 0.3 N acid. The insoluble material was suspended in 
water and neutralised with N sodium hydroxide. The resulting solution 
was made up to 850 ml, 2 N hydrochloric acid (150 ml) was added to 
make the solution up to 0.3 N and the heterogeneous hydrolysis was 
continued for 20 hr. The solution was removed by filtration and 
discarded. The insoluble material was suspended in water and 
solubilised by the addition of sodium hydroxide to pH 7.0. Sodium 
chloride was added to 0.1 M and the polysaccharide was precipitated 
by the addition of ethanol. 
The dried precipitate was redissolved in water to give a 0.5% 
solution, sodium chloride was added to 0.1 M and the pH was adjusted 
to 2.85 using 0.025 N hydrochloric acid. The resulting suspension 
was centrifuged (2.5 x 10 r.p.m.: 30 mm). The solution was 
decanted, neutralised with N sodium hydroxide and the highM fragment isolated 
precipitation with ethanol. The precipitate was washed with ethanol 
(twice) and ether (twice) and dried by leaving it to stand at room 
temperature. 
This material was hydrolysed heterogeneously for a further 
six hours in 0.3 N hydrochloric acid and the insoluble material 
was separated from the solution by filtration as previously 
described. A fragment containing a very high proportion of 
mannuronic acid was isolated from this insoluble material, as its 
sodium salt, by fractional precipitation at pH 2.85 (as described 
above) followed by neutralisation of the solution and precipitation 
with ethanol. The sample was purified as described in the General 
Methods Section. 
A small amount of this mannuronate block sample (100 mg) 
was deuterated by dissolving it three times in D 20 (1.5 ml), the 
11 
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solvent being removed each time by evaporation under reduced pressure. 
The deuterated sample was taken up in D 20 (0.5 ml) and its n.m.r. 
spectrum was recorded at 80°c and a sweep width of 250 Hz on a 
Varian HA 100 high resolution spectrometer using tertiary butanol 
as internal standard. The relative proportions of the two types of 
residue were obtained from the areas of the low field signals due to 
sodium ma.rmuronate (H(l) : 5.33 r) and guluronate (H(1) : 4.90 'r) 
and these are given in table 3.2. 
2. Determination of the Purity of the Freeze—Dried Alginate Samples 
This work was carried out in conjunction with the Anal,ical 
Department, Unilever Research Laboratory, Colworth House. Several 
methods for the determination of the amount of water in the freeze—
dried alginate samples were compared using two purified alginate 
samples and the results are shown in table 3.1. 
TABLE 3.1 
Comparison of the methods for the quantitative determination of the 
sodium uronate content of purified freeze—dried alginate samples 
Alginate % Solids from 	 % Alginate from 
Code 	Oven Drying Karl 	Conduct— 	 Ashing 
at 105 0C 	Fischer 	iometric 	(a)Ash (b)Titre 	(c)Na 
Titration 
7 	90-93% 	86% 	 63% 	78.5% 	76.5% 	80.5% 
9 	90-91% 	84.7% 	56% 	75.0% 	70.5% 	77.6% 
(a) Oven 	 102 0C 
A weighed amount of the samples was heated in a vacuum oven at 
10500 overnight. The samples were allowed to cool in a vacuum 
desiccator before they were reweighed. The results shown in table 
3.1 suggest that this did not remove all the water from the samples. 
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Conductiornetric Titration 
This procedure is based on a standard method for the 
determination of the salts of weak acids. A 0.1% (w/v) solution 
of the purified alginate (50 ml) was titrated with standard 0.1 N 
hydrochloric acid, the conductance being measured after each 
addition. In this type of measurement it is not necessary to get 
readings in the region of the equivalence point, but it is necessary 
to have several well spaced points before and after for extrapolation. 
The method was tested with a standard sodium acetate solution and 
this gave an accurate sharp equivalence point. The results for sodium 
alginate were expected to be less sharp and this proved to be the 
case. However, as shown in table 3.1, this method also considerably 
underestimates the purity of the alginate samples. The alginates 
precipitate at a point just past the apparent equivalence point and 
it is thought that this may reduce the accessibility of the acid 
to the carborl groups and prevent their complete titration. This 
method was therefore abandoned.. 
Karl Fischer Moisture Determination 1427143  
The extraction with anhydrous methanol was carried out for 
j, 1 and 2 hours but no increase in the amount of water which 
could be extracted from the samples was found. This method was 
experimentally more difficult than the ashing technique described 
below since the freeze—dried alginate sample absorbed the methanol 
and expanded to occupy the whole volume of the flask. It was 
decided that the complete ashing method gave more accurate results 
and, therefore, this method was not used. 
Ashin 
A 1iown weight of the alginate samples (-100 mg) was 
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ashed. at 550°C until the weight of the ash remained constant. 
From the weight of sodium carbonate the percentage of sodium 
alginate in the original sample was calculated. 
The ash was dissolved in deionised water (100 ml) and two 
aliquots (25 ml) of this solution were titrated with 0.1 N hydrochloric 
acid. The average titration was used to check the amount of carbonate 
in the ash and from this a second estimate of the percentage of 
sodium alginate in the sample was calculated. Finally atomic 
absorption spectrometry was used to determine the sodium content 
of the solution of the ash. From this the amount of sodium in the 
ash was calculated and a third estimate of the amount of alginate 
in the original sample was obtained. 
As shown in table 3.1 this method gave very consistent results. 
The complete ashing method was therefore used to determine the total 
amount of sodium uronate in the purified freeze-dried alginate 
samples; the average of all three estimates described above was 
taken in each case. 
Preparation of Saznple Solutions 
The freeze-dried alginate samples (-60 mg) were weighed into 
a small flask, the weight was noted accurately and deionised water 
(20 ml) was added using a pipette. The solutions were magnetically 
stirred until the alginate dissolved. The pH of -.--15 ml of this 
solution was adjusted to 7.0 using a small amount of N sodium 
hydroxide added by means of a syringe. Any overshoot in the pH 
was brought back using the extra 5 ml of the original solution. The 
solutions were millipore filtered (3 	and transferred to the c.d. 
cell in one operation using a syringe. 
Measurement of Circular Dichroism 
The c.d. spectra were recorded on a Cary 61 C.D. Spectropolarimeter 
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in a 1 mm pathlength cell and using a 10 second integration period. 
A base line was recorded, fc the cell containing deionised water, 
for each sample solution. L11 measurements were made at 25 °C; 
the temperature being regulated using a Haake thermocirculator 
and a thermostatt able cell hlder. 
For the analysis of alginate block structure the c.d. spectra 
were measured up at every 2.5 mm from 260 rim to 192.5 nrn and were 
corrected at each point for the value of the base line. Now using 
the weighed concentrations o:f the alginate solutions, plus the total 
amount of sodium uronate act.ally contained in the purified freeze—
dried samples, the spectra were converted to molecular ellipticities 
([Q] ) using the formula; 
2 	1 
[o] = 	o 	degree - cm decimole
- 
101 x  
M is the gram—molecular weight of a sodium uronate residue; c is 
the uronate concentration (9/cm3 ) of the solution and 1 is the 
pathlength of the cell (cm). To make the figures easier to handle 
all molecular ellipticities were divided by 10 in this study. 
5 Determination of Uronate Sec -uence in Alginates by Computer Curve Fitti 
All computer programmes were written by Dr E.R. Morris. 
The language used was Fortran II and the programmes were run on a 
Honeywell time—sharing computer terminal. The final computer 
programme "Algfit" is given in Appendix 4. 
The spectra of the three types of sequences found in alginates, 
plus those of the four alginate samples 5, 7 9 8 and 10, were fed into 
the computer. All spectra were expressed in molecular ellipticity 
([o]) x 10. The computer was asked to synthesise the best fit 
of the alginate spectra using combinations of fractions of the three 
block spectra. A weighting factor for each point in each spectrum, 
which depended upon the slope of the spectral curve between that 
point and the previous one, is incorporated, into the programme. 
This means that the computer attaches more importance to the match 
at the spectral extrema and is less concerned about achieving a 
perfect fit where the spectral curve is changing rapidly and the 
errors in measurement. are consequently greater. 
Five choices were incorporated into the programme. 
The computer can either compare the spectrum synthesised from 
given fractions of the block spectra with that of the alginate or, 
by. an iterative procedure, it can adjust the given fractions of the 
block spectra until it obtains the best possible fit for the 
alginate spectrum. 
A table, comparing the original alginate spectrum with that of 
the fitted spectrum at every measured point and also listing the 
difference between the two spectra at every point, can be obtained 
if desired. 
A graph comparing the original alginate spectrum with that 
of the synthesised spectrum can be obtained if requested. The 
computer prints a a for the original alginate spectrum, a + 
for the synthesised spectrum and if the spectra are within 
0.1 x lO degree of each other a * is printed out. 
Since the sum of the fractions of the blocks must equal unity, 
an option is incorporated into the programme whereby the computer 
ensures that the total of the proportion of M blocks, G blocks and 
alternating blocks sums to one. An unconstrained fit means that the 
computer can alter the proportion of all three block spectra whereas 
in a fit forced to 1.0 only the proportions of the spectra of two 
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of the block samples are varied; the other being automatically 
determined. 
(e) A facility was incorporated into the programme whereby the 
computer lists the proportion of M blocks, alternating blocks and 
0 blocks after a set number of iterations (usually 25). The 
computer can then be told to continue its iterative procedure or, 
if it is not changing the proportions of the three blocks, it can 
be told to stop and list the requested table or graph. 
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RESULTS AND DISCUSSION 
Estimation of Alginate ConrnositionlM/G ratio) 
All sodium alginate c.d. spectra show a trough centred 
around 212 nm and a peak around. 200 nm which are thought, by 
comparison with the methyl uronoside spectra (fig. 3.3), to arise 
from the nrr* transitions of the carboxyl groups on the two 
different residues. All spectra also show the onset of a large 
negative band below 195 nm which is considered to be due to the 
7/7* transitions of the carboyl groups. The spectra of the 
samples approximating to the three different block types are shown 
in fig. 3.8. While the spectra of the homopolymeric sodium 
polymannuronate and polyguluronate blocks broadly resemble the 
corresponding methyl glycoside spectra, there are appreciable 
second order differences showing the sensitivity of the uronic acid 
c.d. to neighbouring residues in the alginate chain. These can be 
used to give a method for the determination of alginate block 
structure and this will be discussed later in this Chapter. However, 
inspection of the alginate spectra, as shown by the examples in 
fig. 3.4 which compares the spectra of alginates with different 
compositions of the constituent uronic acids, indicates that they 
may also be used to give a rough measure of alginate composition. 
To a first approximation the depth of the trough appears to be 
related to sodium guluronate content and the peak height to 
sodium mannuronate content. Thus the parameter Peak Height/Trough 
Depth (fig. 3.4) increases with increasing M/G ratio and hence 
with an increasing content of sodium mannuronate in the sample. 
This ratio has been calculated for the alginate samples studied 
and this is given in table 3.2 along with the estimates of alginate 














Fig. 3.4 Circular dichroism spectra for alginate samples 5 (continuous 
line) and 8 (dashed line) having mannuronate and guluronate residues in 
the ratio 29.5:70.5 and 58:42 respectively (table 3.2). There is a 
direct correlation between the ratio of the two residues and the 
ratio of the amplitudes marked "Peak" and "Trough". 
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Using the given values for the samples marked with a * 
in table 3.2 a standard curve of c.d. (Peak/Trough x 100) against 
composition can be drawn and this is shown in fig. 3.5. Using this 
standard curve the composition of the alginates shown in table 
3.3 has been estimated and compared with the results obtained, by 
other methods. The results demonstrate that the estimates 
of alginate composition obtained from the c.d. spectra are in 
very good agreement with those obtained using other techniques. 
It was expected that, since the alginate block spectra show 
the sensitivity of the uronic acid c.cli to neighbouring residues, 
the alternating block sample might show the largest deviation 
from the standard curve. However, the results in table 3.3 
indicate that the difference between the calculated value from 
c.d. measurements and that observed from the chemical analysis 
is also small in this case. It is, therefore, concluded that 
circular dichroism gives a rapid, simple and sensitive method 
for the estimation of alginate composition. The normal sample 
requirement is of the order of one hundredth of a gram but analysis 
of rare samples can be carried out on less than a thousandth of a gram 
if necessary. Moreover, the method is non—destructive and the 
sample can be recovered if necessary. 
It should be noted that the alginate samples 5 and 6 
and 8 and 9, which are high and low viscosity fractions of the 
same alginates, give extremely similar c.d. spectra while the 
blocks which are around twenty units in length also give 
spectra which fit in well with those of the polymers as shown 
in figure 3.5. It, therefore, appears that this method is 
independent of molecular weight. The spectra do, however, change 
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TABLE 3.2 	 - 
Correlation of alginate composition and c.d. 
Alginate Code 	 Source 	 % M 	% G 	C.D. at 25 °C 
(Peak/Trough x 1 
10 Polyguluronate block* Partial hydrolysis 0 100(a) 	8.1 
of 7 
2. Alternating block 60 40 71.1 
3. High mannuronate* H 7705 
22•5(a) 143.8 
4. Polymannuronate block->I Partial hydrolysis 93 7(0) 194.9 
of 	8 
5. * Laminarja 29.5 705(a) 15.4 
perborea 
6. * I, 31 69(a) 17.7 
7 ,,  37 63 23.4 
8. * Ascophylluin 58 42 70.2 
riodosuin 
90 * 545 45.5 69.6 
100 Macrocstis 61 39(0) 75.0 
yrif era 
110 Azotobacter 51 49 (d) 5404 
vinelandii 
12. 	 High M(d) 	187.7 
Average of chemical and n.m.r. determinations129 . 
Chemical determination only. 
N.m,r. determination only. 
(a) Value supplied with the sample. 
(e) The alginate samples marked with a * were used to give a standard 
curve of c.d. (Peak/Trough x ].00) at 25 0C against composition. This is 










U 	20 	'U bU bu 	100 
Fig. 305 	Standard carve of c.d. (Peek/Trough x ioo) against 
the percentage of sodium mannuronate in the alginate samples. 
TABLE 303 
Estimation of alginate composition using c.d. 
Alginate Code 	Estimated by c.d. 
2 Alternating block 	56 	 44 
10 	 57.5 	42.5 
11 	 51 	 49 
12 	 90 	 10 







with temperature with the spectral features becoming less pronounced 
as the temperature is increased. All the spectra in this study were 
measured at 25 °C0 Alginate c.d. is also extremely sensitive to pH 
as shown in fig. 3.6 for the polyguluronate block sample and fig. 3°7 
for the high mannuronate fragment sample. The spectra used here 
were all recorded on sodium alginate solutions at pH 7.0 
Determination of Alginate Block Structure by Computer Curve Fitting 
The spectra of the alginate block samples used to determine the 
block structure of the four alginate samples are given in molecular 
ellipticity x 10 in table 34 and are shown in fig. 38 From 
table 32 it can be seen that the ttpoly(3_2..mannuroflate)It sample (4) 
contains 7% of sodium -L.-gu1uronate residues. It is also apparent 
that the 'po1y(_-mannosy1uronate_ o _fr.guluronate)" sample (2) is 
not completely alternating in structure but,as shown by chemical 
analysis, contains 60% of sodium 3-D-mannuronate residues. The 
spectra listed in table 3.4 have been compensated for these deficiencies 
making the following assumptions. 
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Fig. 36 	pH dependence of the polyguluronate block (1) 









Fig. 307 	pH dependence of the high rnannuronate fragment (3) 
0 
spectrum - at 10 C; the pH of the solutions is marked on the curves. 
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TABIJE 34 
Althato block opootr 
Wavelength (nm) 
	
C.D. ( [] x io) 
LI-blocks 
	
Alternating 	0 blocks 
blocks 
260.00 .00 .00 -.0055 
257.50 .01 -.0025 .0109 
255 ' Clio .00 .00 .00 
252.50 .0163 .0184 .0219 
250.00 .0163 .0184 .0055 
247.50 .0191 8.43045E-04 .0164 
245.00 .009 .0034 -.0274 
242.50 -.0012 -.0222 -.0219 
240.00 00019 -.0117 -.0433 
237.50 -.0093 -.0314 -.0602 
35.00 -.0469 -.067 -.1805 
232050 -.0662 -.096 -.2462 
230.00 -.1676. -.1832 -.4049 
227.50 -.3054 -.312 -. 662 
225.00 -.5179 -.4553 -.8972 
222.50 -.7657 -. 619 -1.2474 
220.00 -1.0502 -.8518 -1.6194 
217.50 -1.2648 -1.012 -1.966 
215.00 -1.2889 -1.1298 -2.3068 
212.50 -1.1282 -1.1418 -2.6316 
210.00 -.6567 -1.0514 -2.8285 
207.50 .0149 -.9492 -2.9981 
205.00 .6981 -.7992 -3.0419 
202.50 1.2536 -.7523 -2.9S98 
200-00 1.5309 -.8893 -2.8832 
197.50 1.3833 - 1.2238 7957 
195.00 .8836 -2.0275 -3.0255 
192.50 • 1334 -3.0667 6984 
(a) The 7% of d-L-gului'onate residues in •the po1y(-D-mannuronate) 
sample (LI blocks) is all in alternating sequences, i.e. this sample 









Fig. 3.8 	Circular dichroism spectra of the poly( 0&-L-6-uluronate), 
po1y(3-D--mannuronate) and po1y(3-D-annosy1uronate- J.-L-guluronate) 
block samples in molecular ellipticity ( IQ] x 	the spectra 
are given by the continuous, dotted and dashed lines respectively. 
(b) TIio 20 oxco;a of 3-D.-mannurouato rooiiiwu in tho po1y(3-D-
mannooyluronate-o(-L guluronaco) sample (alternating blocks) will 
all behave spectroscopically as poly(-D-mannuronate), i.e. this 
sample contains 60 of alternating blocks and 20 of M blocks.. 
As shown in table 32 the poly(-Iz--guluTonate) sample (G blocks) 
contains only -L-guluronate residues. 
Using the block spectra the computer was asked to compare 
the spectrum obtained from an equal mixture of the Li and G blocks 
with that of the alternating block and this is shown in fig. 3.9 
The spectra show appreciable differences in detail confirming the 
sensitivity of the c0d0 of the uronate residues to neighbouring units 
Drororor\Dror\)f\) 
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Fig. 3.9 Comparison of the Alt, block spectrum (.— - .) with a 
0.5:0.5 mixture of the M block + G block spectra (* 	*). 
in the alginate chain. The alternating block spectrum has a smaller 
separation in the wavelength of the peak and trough extrema from 
that of the mixture and it is also noticeable that the alternating 
block spectrum is much smaller than that of the mixture. Since 
increased optical activity is often associated with a locking of 
conformation 6lO this is consistent with conformational energy 
calculations which indicate that the alternating sequences have 
much greater flexibility about the glycosidic lirikages 	than the 
homopolymeric sequences. The Peak/Trough ratio of the two spectra 
in fig. 39 can also be measured and from this the percentage of 
sodium mannuronate determined from the standard curve in fig. 35 
The alternating block sample (44.5% M) and the mixture of the 
homopolymeric blocks (54% M) straddle the correct value (50% M) 
but they remain in reasonable agreement with it considering that 
these are the extremes of samples which may be encountered. This 
increases the confidence felt about the accuracy of the c.d. 
method for the determination of alginate composition. 
The computer was given the three block spectra plus the four 
spectra of the alginate samples 5, 7, 8 and 10; all spectra being 
expressed in molecular ellipticity [ 0] x 10. The computer was 
asked to determine the best unconstrained fit of the alginate 
sample spectra by the block spectra as explained in the Experimental 
section of this Chapter. For all four samples the agreement between 
the experimental and computer synthesised spectra was extremely 
good and an example of this agreement for sample 5  is shown in fig. 
310. However, from the results listed in table 3.5 it can be seen 
that the proportions of the block spectra required to obtain this 
agreement do not sum to unity and hence a fundamental condition of 
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the method is not fulfilled. 	As indicated below, the spectral 
agreement obtained when the computer is given this additional piece 
of information is still very good and these unconstrained results 
give an indication of the "slackness" of the fit. 
1 44 
TABLE 3.5 
Unconstrained computer synthesis of alginate spectra 
Alginate Code 	Fraction of Block Type 	 Total 
M Alternating G 
5 0.139 0.184 0.601 0.924 
7 0.151 0.340 0.464 0.955 
8 0.336 0.448 0.207 0.991 
10 0.341 0.556 0.162 1.059 
The computer was now asked to obtain the best correlation between 
the observed and synthesised alginate spectra which gave  sum of the 
proportions of the block spectra equal to one. As explained in the 
Experimental section of this Chapter this is equivalent to allowing 
the computer to vary the proportions of two of the block spectra with 
the third proportion being automatically defined by the sum of the 
two proportions. For each alginate spectrum a single combination 
of the block spectra was obtained irrespective of the initial 
proportions of the -block spectra fed into the computer. The 
observed and synthesised spectra along with the difference between 
them are shown, for the four alginate samples considered, in figures 
3.11 to 3.14 at the end of this Chapter and a graph of the two spectra 
for each alginate is also included there. It can readily be seen 
that for all four alginate samples considered the deviation of the 
synthesised spectrum from the observed spectrum is still very small 
and well within the acceptable limits for this method. The results 
obtained giving the computer this additional piece of information 
are therefore considered to give the detailed analysis Of the 
alginate block structure for the samples studied. In table 3.6 the 
' 29 results are compared with those obtained by the n.m.r. method.
TABLE 3.6 
Comparison of alginate block structure as determined by c.d. and 
n.m.r. methods: Proportion of Block Type 
Alginate C.D. NOM.R. 129 
Code M Alternating G M Alternating G 
5 0.16 0.27 0.57 0.19 0.23 0.59 
7 0.16 0.40 0.44 0.20 0.30 0.49 
8 0.34 0.46 0.20 0.38 0.41 0.21 
10 0.33 0.48 0.19 0.41 0.42 0.18 
It can be seen that the c.d. and n.m.r. methods give very good 
agreement on the amount of poly( o(—L-.guluronate) in the alginate 
samples but differ in the amounts of poly(3—D-4nannuronate) and 
po1y(-.D-.mannosyluronate_j.—L,—gu1uronate). A difference in the 
proportions between the two methods might have been expected since 
there is no apparent reason why the spectroscopic behaviour of the 
uronate sequences should coincide exactly with their behaviour under 
the partial acid hydrolysis which is the basis of the nm.r. method.. 
It is, therefore, slightly surprising that the agreement between 
the methods on the amount of G blocks in the alginate samples is so 
good. This is, however, consistent with the observation 140  that it 
is easier to prepare pure G blocks by partial acid hydrolysis than 
it is to obtain pure M blocks or completely alternating blocks, and 
hence this may be expected to be the most accurately determined 
proportion by the n.m.r. method. 
The proportions of the three block types given in table 3.6 
can be used to calculate the sodium uronate composition of the 
alginates. The compositions calculated in this way are compared. in 
145 
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table 3.7 with those calculated from the n.mr. method129 and those 
determined by other methods. The results show that the composition 
calculated from the c.d, block structure analysis gives very good 
TABLE 3.7 
Comparison of alginate compositions calculated from c.d. and n.m.r. 
block structure with those determined by other methods 
.Alginate Source 	 Calculated 	 Found 
	
Code 	 C.D. 	 N.M.R. 129  
%M %G 	%M %a 	%M %G 
5 	Lazninaria 	29.5 70.5 	30 	70 	29 	71(a) 
yp erborea 
7 	 36 	64 	36 	64 	38 	62 ° 
8 	Ascppyllum 	57 	43 	60 	40 	56 
nodosum 
10 	Macroçystis 	57 	43 	61 	39 	57.5 42.5 
pyifera 
By Chemical Analysis (Experimental section of this Chapter). 
By c.d. estimation (table 3.3). 
agreement with the values determined by chemical means and that this 
agreement is slightly better than that found between chemical analysis 
and that calculated from the n.m.r. determination of block structure. 
The alginate sample 10 also shows that the composition calculated 
from the alginate block structure analysis agrees very well with that 
previously determined by the c.d. Peak/Trough method for estimating 
alginate composition. 
Table 3.6 shows that as expected the alginates from different 
147 
sources have very different block structures. The sample isolated 
from Laminaria hyperborea has a high percentage of G blocks with an 
intermediate amount of alternating blocksand a small amount of M 
block. The samples from AscoDhyllum nodosum and Macroqystis pyrifera 
contain a small amount of G blocks with much larger amounts of M and 
alternating blocks. As discussed in Chapter 41 this difference in 
block structure has very important consequences when alginate 
solutions are gelled, by the controlled introduction of divalent 
ions, due to the differing abilities of the blocks to form the 
microcrystallite junction zones which are the basis of the gel.. 
It is thus concluded that circular dichroism gives a sensitive 
method for the determination of alginate block structure in addition 
to that described for the determination of composition (M/G ratio). 
Three possibilities for improving the technique may be suggested. 
If pure samples of poly(L3-D-mannuronate) and poly(13-D-
mannosyluronate--L-guluronate) can be obtained the assumptions 
listed at the beginning of this section need not be applied. 
The Cary 61 can be equipped to record the alginate spectrum 
directly on to tapes which can be fed into the computer. This 
would speed up the analysis by making it unnecessary to measure the 
spectra manually. Moreover, since the spectra could be recorded 
at every nm (or less), the accuracy of the spectra, and hence the 
final analysis, would be increased. 
If an exact method for determining the concentration of sodium 
uronate in solution can be obtained the alginate concentration may 
be determined directly on the solution used to record the c.d. 
spectrum. This would greatly speed up the analysis and would lead 
to a quick, sensitive, non-destructive method for the determination of 
alginate block structure analogous to that which is possible 'for 
the determination of alginate composition. 
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CORRELATION BTWEIEN OBSERVED AND COMPUTER SYNTHESISED ALGINATE 
SPECTRA USING THE CONDITION : 
M BLOCK + ALTERNATING BLOCK + G BLOCK = 1 
Fio 311 Alginate sample 5 ( [o] x 
calculated proportions M: Alt: 0 '.158: .270: .571 
150 
WAVEL EN GD-i 
192. 50 
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Fig. 312, Alginate sample 7 [Q]x io) 
calculated proportions M: Alt: G .160: .395: .444 
WAVELE:NGTH 1Lc4INATE FITTED DI FFEhENCE 
192.50 -2.77 -2.8321 .0621 
195.00 -1.9765 -2.0028 .0263 
197.50 -1.4764 -1.5034 .027 
200.00 -1.3609 -1.3865 .0256 
202.50 -1.4908 -1.4107 .0801 
205.00 -1.5918 -1.5546 .0372 
207.50 -1.7072 -1.7037 .0035 
210.00 -1.7697 -1.7762 .0065 
212.50 -1.7649 -1.80 .0351 
215.00 -1.6495 -1.6776 .0281 
217.50 -1.4667 -1.4839 .0172 
220.00 -1.183 -1.2235 .0405 
222.50 -.9137 -.9209 .0072 
225.00 -.692 -.6613 .0121 
227.50 -.4472 -.466 .0188 
230.00 -.2693 -.279 .0097 
232.50 -.1731 -.1578 .0153 
235.00 -.0962 -.1141 .0179 
237.50 -.0529 -.0406 .0123 
240.00 -.0289 -.0238 .0051 
242.50 -.0048 -.0187 .0139 
245.00 .0048 -.0094 .0142 
247.50 00048 .0107 .0059 
250.00 .00 .0123 .0123 
252.50 .0096 .0196 .01 
255.00 -.0048 .00 .0048 
257.50 .0048 .0055 6.52100E-04 
260.00 .0096 -.0024 .012 
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Fig. 3l3. Alginate sample 8 ( [ o] x 1o) 
calculated proportions M: Alt: G .338: .460: .202 
WAVELEN GiN AL (INATE Fl TTEIJ 1)1 FFEksENCE 
192.50 -2.0667 -2.1127 .046 
195.00 -1.2505 -1.2451 .0054 
197.50 -.6825 -.6601 .0224 
200.00 -.4673 -.474 .0062 
202. 58 -. 5441 -. 5202 • 0239 
205.00 -.7398 -.7461 .0063 
207.50 -1.0214 -1.0372 .0158 
210.00 -1.2744 -1.277 .0026 
212.50 -1.4367 -1.4331 .0014 
215.00 -1. 4224 -1. 4217 6. 66201E-04 
217.50 -1.2935 -1.2942 6.9440CiE-04 
220.00 -1.0692 -1.0739 .0047 
222.50 -.8019 -.7955 .0064 
223.00 -.5537 -.566 .0123 
227.50 -.3818 -.3805 .0013 
230.00 -.2243 -.2227 .0016 
232-50 -. 11 46 - -1163 .0017  
235.00 -.0859 -.0831 .0028 
237.50 -.0334 -.c297 .0037 
2'0.00 -.0143 -.0136 7.12600E-04 
242.50 -.0048 -.015 .0102 
245.00 .0043 -9.288 CIO E-O'i .0057 
247.50 .0095 .0102 6.56401E-04 
250.00 .0043 .0151 .0103 
152.50 .0239 .0184 .0055 
255.00 .00 .00 .00 
257.50 .00 .0044 .0044 
260.00 -.0095 -.0011 .0084 
C.) C) C 0 - - - - N) N) N) N) C. (.)C.) Co . 	.r. . ci u u 
N) 	CD r\) 	N) 	 N) 	)N) 	 N)U 	G)N) 
• S • S • • • • . I • I S S • S • I • 5 • I • 	S • I 
- - - . - - - - - - - - - - - - - - - * •* * * * * * * * - - - 
* * * * Wavelength 
* 	 A (n m) * 







Fig. 3l4 Alginate sample 10 
( 
[Q] x io) 
calculated proportions 	M: Alt: 	G 	.332: 	.476: .192 
WAVELENGTh 	AL GIN ATE Fl TED DI FFEhENCE 
192. 50 -2.2765 -2. 1256 • 150, 9 
195.00 - 1.3557 -1. 2526 • 1031 
197.50 -.626 -.66 .0354 
200.00 -.3387 -. 4 68 6 .0799 
202.50 -.5367 -.5102 .0265 
205.00 -.6937 -.7327 .03' 
207.50 -1.0133 -1.0225 .0092 
210.00 - 1.2632 - 	 - 1.2616 .0016 
212.50 -1.439 -1.4233 .0157 
215.00 -1.36 -1.409 .0346 
217.50 -1.3094 -1.2329 .0265 
220.00 -1.0781 -1.065 .0131 
222.50 -.8232 -.7884 .0398 
225.00 -.5691 -.5612 .0079 
227.50 -.3748 -.377 .0022 
230.00 -.2267 -.2206 .0061 
232.50 -.1249 -.1149 .01 
235.00 -.0643 -.0821 .0173 
237.50 -.0278 -.0296 00018 
240.00 -.0139 -.0133 	5.52000E-04 
242.50 -.0046 -.0152 .0106 
245.00 -.0046 -6.5440cJE-04 .0039 
247. 50 .0046 • 0099 .0053 
250.00 .0273 .0152 .0126 
252.50 .0046 .018' .0138 
255.00 .00 .00 .00 
257.50 .0093 .0042 .0051 
260.00 .00 -.0011 .0011 
---
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TEE CHARACTERISATION OF TIE JUNCTION ZONES IN AN ALGINATE GEL USING 
CIRCULAR DICHROITA  
INTRODUCTION 
When divalent or trivalent (but not magnesium) metal ions are 
added to a solution of sodium alginate in a controlled manner firm, 
reversible gels are formed. The properties of .these gels and in 
particular those prepared using Ca ions, have been extensively 
studied and the gels are widely used in industry. Unlike agar or 
carrageenan gels, they cannot be "melted" and reformed by heat but 
may be liquefied by ion exchange with an alkali metal cation such as 
Na+ or by sequestering the gelling cation. The general explanation 
of gel formation of this type is that chain segments associate to 
form a 3—dimensional framework with solvent in the interstices. The 
associated regions are called "junction zones" and may be formed from 
two or more chains. The basic aim of the work described in this 
Chapter is to understand the precise molecular arrangements in 
these junction zones and the forces which hold molecules together 
in them. This study indicates that circular dichroism is a 
powerful tool for obtaining this kind of information about the 
specific interactions between polysaccharide polyelectrolytes and 
inorganic cations. 
Gelation Studies 
The gels formed by diffusion of divalent metals into solutions 
of polyuronates have been shown to be birefringent 145 and the presence 
of x—ray crystallinity 146 after gentle drying of the gel has also 
been demonstrated. Since the polyuronates in solution behave like 
random coils 147 the divalent metal ions must have this ordering effect 
155 
on the macromolecule. If the proportion of Ca ++ ions added to the 
polyuronates is increased the gels have an increased tendency to 
synerese which suggests that the ordered framework is becoming more 
and more tightly cross-linked. The final products are the precipitated 
calcium salts which have been shown to be crystailinel48. From 
fibre diffraction of polyrnannuronic and polyguluroriic acid, coupled 
with supporting i0r. dichroism evidence l 28 , the chains are seen to 
be ribbon-like and extended and they pack together like planks in a 
timber yard. The chains have two fold screw symmetry. For calcium 
polyguluronate the X-ray evidence 149  suggests that the two fold 
axis is retained and that the residues remain in the Reeves 1C 
ring form. Calcium polyinannuronate on the other hand exists in a 
three fold helix with the monosaccharide units in the Cl ring form 
149 
This evidence is consistent with model building calculations 16 which 
show that the only ordered conformations of polyuroriates which are 
stable enough to exist are of the extended type. 
The gross properties of polyuronate gels such as strength, 
texture and appearance under a polarising microscope 145  depend on 
the method of preparation of the gel. Moreover, on being left 
to stand the gels exhibit syneresis although this may not begin for 
several hours after the preparation of the gels. These facts 
suggest that the networks are not equilibrium states but are 
changing too slowly to be observed on a laboratory time-scales 
This also implies that on this time-scale the frameworks are not 
continuously breaking and reforming otherwise they would quickly 
approach the true equilibrium position. Using the above evidence 
suggested that the junction zones are umicrocrystallite5fl 
held together by cooperative attractions between the chains and 
the divalent cations which are bound into the chain bundles and 
156 
must make a large contribution to the packing energy. At the same 
time he also refuted the idea of "point cross linking", whether by 
simple ionic bridging of the negative charges on polyuronates by a 
divalent metal ion or by chelation of single ions by suitably arranged 
hydroxyl and carboxyl groups 151. It is probable, though not essential, 
that each junction zone is formed from covalent blocks of the same 
type and that each chain is caused to leave the association at the 
appropriate block terminus. These termini would then have an equivalent 
role to the D_gaiactose-6—SulPhate units in carrageenan 150 or the 
I?.-rhamnose units contained in the chain in pectate' 52 which act as 
"kinks" in the chain and have a large influence on the cross—linking 
interactions. 	Similar views have also been expressed, more 
recently, by other authors153 ' 154  and the effect of structural 
variation of polyuronates is also consistent with this hypothesis. 
151 
Thus, partial acetylation of polyuronates prevents gel formation 
and also the selectivity of pectate for calcium in the calcium—
potassium ion—exchange reaction (see below) decreases strongly with 
increasing degree of esterification 155 o This is probably because 
the irregularly substituted molecules cannot pack together to give 
a strong, regular lattice. 
Ion Binding by Polyurona! 
The ion exchange properties of alginates and pectates have 
attracted considerable attention in recent years and they have been 
investigated from several different viewpoints. The activities of 
the counterions have been measured with permeselectiVe 
157 	 158 
osmotic and Donnan equilibria and cation sensitive electrodes 
The relative capacities of divalent cations to cause gelation of 
151 9 159 9 160 





forming ability and 
also depend upon th 
of the divalent cations to alginates have also 
The sequence of divalent metals based on gel 
on affinity are significantly different' 59 and 
uronic acid composition of the sample161 . 
Ion-exchange reactions between monovalent and divalent cations 
indicate that the affinity of the alginate for the divalent cations 
increases with increasing content of guluronic acid residues 162 
163 A more detailed study 	also suggests that for the ion-exchange 
++ ++ ++ ++ 	++ ++ 	++ ++ reactions Ca -Sr , Sr -kg , Ca -Mg and Co -Ca the 
selectivity of alginates is associated solely with the guluronic 
acid units present. Moreover, it has also been found that poly-
guluronate and polygalacturonate have a much higher selectivity 
for calcium ions for the calcium-potassium ion exchange equilibrium 
than has poiymannuronatel64o 
The above evidence prompted Haug and Smidsrdl65  to compare 
the ion binding properties of polyuronates with those of some 
other polyanions. In general they found that the cases where a 
significant selectivity is observed fall into two groups. 
The selectivity for copper compared to calcium, which seems 
to be a characteristic feature of all carboxylate containing 
polymers and of polyphosphate while no such selectivity is 
observed for sulphated polysaccharides. The main characteristic of 
these reactions is the lack of importance of the detailed 
stereochemistry of the polyanion0 
The selectivity of polyuronates in exchange reactions between 
alkaline earth ions; these exchange reactions depend very much on 
the detailed structure of the polymer and any selectivity is 
completely destroyed by acetylation. In all cases where a 
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significant selectivity within the alkaline earth ions is observed, 
the larger ion is preferentially bound. The three polyuronates, 
however, seem to behave quite differently with respect to the 
different alkaline earth ions. Polymannuronate distinguishes 
only between the large Ba++  ions and the other three, pectate 
between the small magnesium ion and the other three and poly-
guluronate is unique in distinguishing between the alkaline earth 
ions with intermediate sizes 	
++ 	4+ namely Ca and Sr ions. Poly- 
guluronate, however, has no significant selectivity in the Ba-Sr 
exchange reaction. 
All the ion-binding studies mentioned above were carried out 
on polyuronate samples in the gel state but it has also been notice 
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that the high selectivity in the alkaline earth exchange reactions 
appears to be dependent on the existence of the alginate molecules 
in this insoluble gel state. This has been confirmed by a more 
detailed study of the ion exchange reactions involving Ca and 
Mg ions for an alginate fragment containing 90% L-guluronic acid 
residues'53 o Results of experiments with cross-linked fragments, 
with fragments contained in an agarose gel and with fragments cross-
linked to a large excess of dextran show that the selectivity 
increases with increasing possibility of the fragments forming 
inter-chain linkages By comparison of the results with a 
theoretical model for cooperative ion binding, it has been suggested 
that the calcium ions are indeed selectively bound in long sequences 
between polysaccharide chains. 
Very recently Kohn and Larsen have also prepared soluble 
calcium oligo and polyuronates by a very elegant method 166 and they 
have studied the calcium activities of solutions of these using 
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tetramethylurexide as auxilliary ligand. The activity coefficient 
Ca ++) in solutions of calcium monouronates is close to that of a 
corresponding solution of calcium chloride. With increasing 
degree of polymerisation (DP) of oligo and polruronates the activity 
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Fig* 41 Graph of the activity coefficient (yCa 	in solutions 
of calcium oligo and polyuronates against the degree of polyLlerisation 
(DP) 
1 .. Calcium oligo and Dolymannuronates 
2 .. Calcium oligo and polyiluronates 
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there is a steady decrease in the calcium activity coefficient with 
increasing DP up to a chain length of about 30 This type of 
behaviour can be explained by simple polyelectrolyte effects34167o 
For calcium guluionates on the other hand there is a much more 
complicated dependence on molecular weight. Initially the calcium 
activity shows a steady decrease which is greater than that observed 
for the rnannuronate case. This would have been expected from the 
higher linear charge density on the buckled polyguluronate chains 
where each residue has the Reeves 1C conformation. However, calcium 
guluronates also show a pronounced drop in the activity coefficient 
in the DP region between 18 and 26 which gives the graph a two step 
appearance. Kohn and Larsen offered no explanation of this "second 
step" but such a signoidal shaped curve is typical of a cooperative 
process and may be due to the cooperative association of polyguluronate 
chains to form soluble aggregates which would be expected to have 




The alginate samples coded 5 1 6 2 8 and 9 in Chapter 3 were 
used in the gelation experiments and the same coding is used in this 
Chapter. All of the samples had been purified as described in the 
General Methods section and their purity had been determined by the 
complete ashing method described in Chapter 3. Analytical grade 
metal chlorides were used in all the dialysis experiments and 
all solutions were prepared with deionised water. Dialysis 
experiments Were carried out against solutions of the following ions; 
K+, ++ 	++ 	++ 	++ Mg , Ca , Sr and Cu 
Measurement of Circular Dichroism 
The c.d0 spectra were recorded on a Cary 61 C.D. Spectropolarimeter 
in a 10 mm pathlength cell and using a 10 second integration period. 
For the solution spectra a base line was recorded on the cell 
containing deionised water. For the gelation spectra a base line 
was recorded on the dialysate after the experiment had been terminated. 
All measurements were made at 2500  as described in Chapter 3. 
To obtain the difference spectra the gelation and solution 	- 
spectra were measured at every 2.5 nm from 260 nm to 192.5 nm and 
were corrected at each point for the value of their respective base 
lines. The corrected gelation spectrum was then subtracted from the 
corrected solution spectrum. Also, to compare the corrected gelation 
spectra with the spectra given by the fractions of the three types of 
blocks which are contained in the alginate the corrected gelation 
spectra were converted to molecular ellipticities using the formula 
given, in Chapter 3. The molecular ellipticities were again divided 
by 103 to make the values easier to handle. 
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Measurement of Optical Density 
An indirect measure of the optical density of solutions 
and gels was obtained by measuring their dynode voltage, on the Cary 
61 C.D. Spectropolarimeter, with the slit width kept constant. The 
dynode voltage provides a measure of the light intensity incident 
on the photomultiplier, higher voltages indicating lower light levels, 
and thus provides an indication of the sample absorbance. 
Study of Gelation by Circular Dichroism 
A Ol% solution of the freeze—dried sodium alginate sample 
was prepared as described in Chapter 3. The solution was milliore 
filtered 0 and transferred to a dry c.d. cell (on which a base 
line had been recorded) in one operation using a syringe. The c.d. 
spectrum of the solution was recorded. 
The cell was topped up with more of the solution and a piece 
of dialysis membrane was stretched over the neck and held in place 
using a polythene circlip. This is shown in the photograph fig. 4.2. 
Care was taken that no air bubbles were trapped behind the membrane. 
The cell was suspended in a large volume(105 l)of a 6mM solution 
of the divalent metal ion and this solution was stirred slowly using 
a magnetic stirrer. The large excess of the dialysate was used to 
keep the concentration of the cation in the dialysate at 6mM0 
After 4 days the cell was removed from the solution and its 
exterior dried. The end plates of the cell were cleaned with a 
tissue impregnated with ethanol. The cell was equilibrated at 25 °C 
in the spectropolarimeter for 15 minutes before the c.d. spectrum 
of the sample was recorded. After recording the spectrum the cell 
was resuspended in the solution of the divalent metal chloride. 
During all these operations the cell was handled as gently as possible 




10 mm c.d. cell as used in the dialysis experiments. 
This procedure was repeated after 10 days and further 
repeated at intervals of 5 to 6 days until no further change in 
the c.d. spectrum was observed. The cell was removed from the 
dialysate at this point and its contents examined to see if a gel 
had been formed. Finally a base line was recorded on the cell 
filled viith the dialysate. 
5. Study of the 0ical Density on Gelation 
This was carried out exactly as described above for the 
study of gelation by c.d. but in addition every time the c.d. 
was recorded the dynode voltage was also recorded as described 
above. 
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RESULTS AND DISCUSSION 
The figures showing the results of this study of alginate 
gelation using circular dichroisrn are given at the end of this 
Chapter. As indicated. in Chapter 3, the alginate sample 5 has 
mannuronate and guluronate residues in the ratio 29:71 and will 
be referred to as a "high G" alginate. The alginate sample 8 has 
mannurona-te and gulurona-te residues in the ratio 58:42 and will be 
referred to here as a "high 1Y2' alginate. Moreover, as discussed 
in Chapter 3, the alginate samples 5 and 6 and 8 and 9 are high and 
low viscosity fractions of the same alginates. The results obtained 
in this study will be discussed under several subheadings and the 
figures referred to as necessary. 
1. Gelation of the High G Alginate Sample 5 by Diffusion of Ca Ions 
When Ca ions are diffused into a 0.1% solution of the high 
G alginate sample 5 dramatic spectral changes are observed as shown 
in fig. 4.5. No further spectral changes are observed after 10 days. 
Examination of the contents of the cell after the dialysis has taken 
place also shows that a clear, firm, homogeneous gel has formed which 
occupies all the cell. This simultaneous gelation and large spectral 
change suggests that the c.d. is monitoring the interaction between 
the alginate chains and the Ca ions which causes the chains to become 
cross—linked to form a 3—dimensional network. This is supported by 
the results of two other dialysis experiments. 
(a) When K+  ions are diffused into solutions of both the high G 
alginate sample 5 and the high M alginate sample 8 only small changes 
in the c.d, spectra are observed. (fig. 4.3 and fig. 4 , 9). The changes 
are completed in 4 days and the spectra after diffusion are also 
slightly increased in amplitude in both cases, in contrast to the 
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effects with Ca or Sr ions. Because of the large excess of the 
dialysate the alginate must be completely converted to the potassium 
salt. As expected no gel was formed with this monovalent cation and 
the alginate solution was clear and free-flowing. 
(b) When Mg ions are diffused into solutions of both the high G 
alginate sample 5 and the high M alginate sample 8 the spectral 
changes are again small (fig. 4.4 and fig.. 4.10) and again as expected 
no gel is formed. In this case, however, the amplitude of the spectra 
decreases as diffusion proceeds, i.e. it changes in the same direction 
as is observed on diffusion of Ca and Sr ions. This is consistent 
154,168 	 . with suggestions 	that magnesium alginate forms soluble aggregates 
in solution (although no gelation is observed with magnesium ions) 
but the effect, as observed under the conditions employed here, is 
extremely small. 
At first sight the spectral changes caused by the diffusion 
of Ca ions appear to be caused by the removal of the negative 
contribution -to the spectrum from the guluronate residues (which occur 
predominantly in the form of consecutive sequences in this sample) 
with the spectrum changing to a more M block type spectrum (c.f. 
fig. 3.8). The difference spectrum obtained by subtracting the corrected 
10 day gelation spectrum from that of the corrected solution spectrum 
is also shown in fig. 4.5. It is a single sharp trough which is 
centred on 206 nm and is mathematically gaussian. The position and 
shape suggest that this component is part of the n.-7V* band and that 
no alteration takes place in the TV1T* region. A closer examination 
of the magnitude of the difference spectrum also quickly reveals that 
it cannot be explained simply in terms of the disappearance of the 
guluronate contribution to the solution spectrum. The difference 
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spectrum is very much larger than the solution spectrum and this 
suggests that not only must a negative contribution be disappearing 
but also that a positive contribution must be replacing it. This is 
also shown in fig. 4.6 where the solution and 10 day gelation spectra 
are compared with the spectra of the proportions of the three types 
of block which make up the solution spectrum (table 3.6 in Chapter 3) 
It can readily be seen that there is no way in which a simple 
disappearance of the contribution from the proportion of one type 
of block can give the 10 day gelation spectrum. Any explanation 
must, therefore, involve the appearance of a positive peak. 
Two pieces of evidence argue against the possibility that the 
spectral changes described above are caused by distortions due to 
light scattering or stress birefringence artefacts. 
The difference spectra (fig. 414) indicate that the spectral 
changes are confined to the n__*7T* region and that very little 
alteration takes place in the Tr._47T* region. 
Measurement of the absorbance (dynode voltage) of the low viscosity 
high G and high M alginate samples (6 and 9 respectively) were carried 
out in conjunction with the measurements of c.d. In all cases, as 
shown in figs-  419 and 4.22, there was no significant difference 
between the solution and the 4 and 10 day gelation spectra. These 
experiments were carried out for the diffusion of Ca and Sr ions 
into solutions of both alginates. 
It, therefore, appears that there is a selective perturbation of 
carboxylate n—orbitals by their proximity to bound Ca ions and 
that this causes a reversal, in sign of the optical activity of the 
corresponding n— Tr* transition. From the evidence presented in 
the Introduction to this Chapter and the evidence gained from model 
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building using physical and mathematical methods (discussed later in 
this Chapter), coupled with the observed extent of the spectral change 
and the. fact that this sample is very rich in G blocks, it may be 
suggested that c.d. spectroscopy observes a cooperative molecular 
process which predominantly involves poly( o.-L-guluronate) sequences 
in the alginate structure. The "second step" observed in the ion- 
166 binding studies of guluronate oligomers 	would, therefore, represent 
the onset of this process observed by circular dichroism. 
The guluronate residues in consecutive sequences each have 
n--Tr transitions associated with both carboxylate oxygens and it 
can be concluded that at least one of these transitions (for each 
carboxylgroup) is initially negative and converts to positive in this 
region of the spectrum when Ca ions are cooperatively bound. This 
explanation is supported by the model building studies (discussed 
below) which show the likely coordination site of the Ca ion. 
Relative to the symmetry planes of the chromophore the ion is in 
the same region of space as 0(4) and ON which, in solution, 
determine the sign of the fl-3 fl* band 33.  It may, therefore, be 
suggested that the positive charge induces optical activity which 
is more pronounced and in the opposite sense to that induced by the 
electronegative oxygen atoms. A similar dependence of the sign 
and magnitude of induced optical activity on the nature of the inducing 
substituent has been clearly demonstrated 169 for the closely related 
but more fully understood ketone n—rc* transition. 
2. Gelation of the High C Alginate Sample  by Diffusion of Sr Ions 
When Sr ions are diffused into a solution of the high G 
alginate sample 5 large spectral changes are again observed which 
++ are  similar to those obtained on diffusion of Ca ions. however, 
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as shown in fig. 4072  the final diffusion spectrum is more positive 
on dialysis of Sr ions and, moreover, the spectral changes are not 
complete in 10 days but continue, although at a much slower rate, 
up to —25 days. Examination of the cell contents after the 
spectrum had stopped changing again showed that a clear, homogeneous 
gel had formed which occupied all the cell. The differences in the 
gelation processes using Sr and Ca ions are much more easily 
studied by comparing the difference spectra- . and these are given in 
figs. 4.14 and 4.15. The increased magnitude of the final difference 
spectrum for the strontium gelation is readily observed and it oan 
also be seen that the sharp, negative trough has moved to lower 
wavelength and now has its minimum at 204 nm. The difference spectra 
also emphasise again that when Sr ions are diffused into the high 0 
alginate solution instead of Ca ions, although a larger change has 
taken place after 4 days, the complete change takes longer to occur. 
As mentioned in the Introduction to this Chapter, ion–binding 
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studies 	show that alginate has a much greater affinity for Sr 
ions than for Ca ions and this applies particularly to poly( a_Ir-
guluronate) sequences. Two possible explanations for the differences 
in the difference spectra may, therefore, be suggested which are consistent 
with the observed ion–exchange properties. 
(a) It may be considered that when Ca++  ions are diffused into the 
high 0 alginate solution all of the polyguluronate sequences are not 
completely associated because of constraints imposed by the formation 
of the 3–dimensional network. It may then be suggested that when Sr 
ions are diffused into the alginate solution the increased affinity 
of the chains for the large Sr ions leads to a greater amount of 
chain association and a more tightly bound network. The larger initial 
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change which is observed (after 4 days) may be due to the increased 
affinity of the chains for Sr ++ ions while the slowing up of the 
spectral change thereafter is consistent with the idea that the 
network constraints will begin to play an ever—increasing part in 
hindering association. 
(b) It is possible that the amount of polyguluronate sequences 
associated is the same in both diffusion cases. The preference of 
the chains for the large Sr ions which is shown by the ion binding 
studies may then be due to these ions being a better "fit" for the 
coordination sites than the Ca ions and this is consistent with the 
model building calculations discussed later in this Chapter. From 
the above statements it may be suggested that the larger observed 
difference spectrum arises from a more specific positioning of the 
Sr ++ ion, with respect to the coordinating atoms and the symmetry 
planes of the chromophore, which enhances the optical activity 
induced in the chromophore by the presence of the positively charged 
ion. Such an explanation is consistent with the observed shift of the 
difference spectrum minimum to slightly lower wavelengths. 
It is also possible that both these processes are occurring - simultaneously 
and that the observed differences in the difference spectra arise from 
the sum of the effects described above0 
3° Gelation of the High G Alginate Sample 5 by Diffusion of Cu Ions 
As shown in fig. 4.8 9 diffusion of Cu ions into a solution (Oi%) 
of the high G alginate sample 5 also produces large spectral changes 
but these are completely different from the effects observed on 
diffusion of Ca ++ and Sr' ions. In this case the spectrum after 4 
days is considerably broadened and flattened and this trend is 
accentuated in the 10 day spectrum. The 10 day speátrum is also 
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very noisy in the spectral region below 220 nm0 The dialysis 
experiment was terminated at this point. Although the gel formed 
after 4 days appeared to be perfectly clear, that observed after 
10 days diffusion was definitely not homogeneous but had a striated, 
stringy appearance. It is, therefore, considered that in the 10 
day spectrum there is probably some distortion due to light scattering 
or stress birefringence artefacts and this is possibly also true 
for the 4 day spectrum. 
The spectra do, however, give a dramatic illustration that 
the binding mechanism of the high G alginate for Cu ++ ions is very 
different from that involved for Ca and Sr ions. The single, 
sharp, negative, gaussian troughs of the difference spectra for Ca ++ 
and Sr diffusion suggest that a specific binding site must be 
involved. In contrast, the broad, flattened spectra on diffusion of 
Cu ions indicate that a large number of non—specific binding sites 
are probably involved which absorb at different wavelengths. This is 
in agreement with the ion—binding studies mentioned in the Introduction 
to this Chapter. Moreover, it has also been found 
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 that the 
higher affinity of such polyanions for copper relative to calcium is 
not destroyed by acetylation and is, therefore, independent of the 
presence of hydroxyl groups. A very recent paper also indicates 170 
that coordination to copper ions can be sufficiently strong, in 
carboxylate containing sugar molecules, to cause distortion of the 
pyranose chair conformation. 
In conclusion, the ion—binding studies coupled with the 
evidence from circular dichroism suggest that the alginate molecules 
are tightly bound to Cu ions in a very large number of different 
ways which are independent of the detailed stereochemistry around the 
carboxyl groups, unlike the specific site binding suggested for Ca 
44 
4-+ and Sr 	ions. 
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4. Gelation of The High M Alginate Sample 8 by Diffusion of Ca and 
As shown in figs. 4.11 and 4.13, large spectroscopic changes 
are again observed when Ca and Sr ++ ions are diffused into a 0.1% 
solution of the high M alginate sample 8. As for the high G 
alginate, diffusion of these ions produces very similar spectral 
changes although there are some secondary differences which are 
discussed below. For solutions of this alginate all spectral changes 
are completed after 10 days diffusion of the ions and examination of 
the cell contents shows that clear, firm gels had been formed in both 
oases. 
The maximum of the n-7T* peak at j- 200 nm in the solution 
spectrum of the high M alginate is initially negative because of the. 
contribution from the guluronate residues in this sample. On diffusion 
of Ca ions, this maximum becomes positive as is seen from the 4 
day spectrum (fig. 4.11). This is most probably due to spectral 
changes, of the type described above, which are caused by the 
cooperative binding of the Ca ions by association of poly(-L-
guluronate) sequences. In a subsequent step, however, the spectrum 
swings back to become less positive and this can be seen from the 
10 day spectruTm. It therefore appears that an additional effect 
takes place in this case. 	This reasoning is supported by considering 
the difference spectra obtained by subtracting the corrected gelation 
spectra from the corrected solution spectrum. As shown in fig. 4.16(a) 9 
these difference spectra are not gaussian, unlike those for the high 
G alginate, and the peak minimum has also shifted to higher wavelength 
(-..-211 nm). By considering the spectra which would be given by the 
proportions of the block samples which make up this alginate structure, 
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(fig. 412), coupled with the results from the model building 
calculations discussed later, the most probable explanation is that 
some association of poly(13-D--mannuronate) sequences can occur which 
has a similar type of effect to that shown by the polyguluronate 
sequences when they form junction zones. For polymannuronate a 
reduction in size of both the positive and negative peaks might be 
expected if this were the case and this is consistent with the 
observed effects. 
It is now possible to give two interpretations of the 
observed spectral changes for alginate sample 8. 
Hypothesis 1: in the first stage the cooperative binding of 
Ca ions by polyguluronate proceeds with its characteristic 
spectroscopic change until the available binding sites are saturated 
and the concentration of Ca 	able to rise. Binding by poly-. 
mannuronate can then occur, when the threshold for this process is 
passed, and this causes a shift in the negative direction which stops 
when chain association is constrained by the network. 
Hypothesis 2: polymannuronate chains can associate very quickly 
but their affinity for calcium ions is very much less than that of 
polyguluronate chains because of the much poorer coordination sites 
for the cations (discussed below). It may now be imagined that when 
the polyguluronate chains associate they can rupture any association 
of polymannuronate blocks which is hindering this process. The 
polymannuronate blocks will, therefore, be continually associating 
and dissociating as the polyguluronate junctions form. On complete 
association of the polyguluronate chains the polymannurona -te chains 
which are not already associated will try to do so as best they can 
although they will be hindered by the constraints of the network. 
These two explanations of the gelation of alginate sample 8 could be 
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distinguished by monitoring the gelation of the alginate continuously, 
by carrying out the diffusion process in the c.d. spectropolarimeter, 
and hence observing the initial stages of gelation. Both of these 
theories do, however, imply that, although polymannuronate sequences 
can play a role in alginate gelation, the strength and texture of the 
gels is predominantly influenced by the cooperative binding of ions 
by polyguluronate sequences. 
Similar but less detailed conclusions were already indicated 
by the evidence presented in the Introduction to this Chapter and, 
more recently, by evidence that gel stiffness is a function of the 
7,72 guluronate residues 	• On the other hand the rate of gelation 
is greater172 for alginates having lower contents of guluronic acid 
residues. This is also indicated by comparison of the difference 
spectra for the diffusion of Ca into the high G and high M 
alginates (fig. 4.14 and fig. 4.16(a)). It can be seen that after 
4 days the high M alginate has almost completed its spectral changes 
whereas the high G alginate shows a very much greater difference 
between the 4 and 10 day spectra. This can be readily explained in 
the terms already postulated. In high M alginates the longer lengths 
containing mannuronate residues have much less tendency to associate (or 
to remain associated in hypothesis 2) and they retain a greater flexibility 
as the polyguluronate blocks associate and the system as a whole becomes 
increasingly constrained. This allows more freedom for the movement 
of polyguluronate binding sites within the developing network so that 
the final gel is established more quickly. 
On diffusion of Sr ions into the high M alginate solution 
the n_.fl* maximum again goes from negative to positive from the 
solution spectrum to the 4 day spectrum. The positive peak is 
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greater in magnitude (fig. 4.13)1, than is the case for Ca diffusion 
but the residual trough is also bigger. The spectra also show a 
decrease in the size of this peak after 10 days diffusion of Sr 
ions. To compare the results of diffusion of Sr and Ca it is 
better to examine the difference spectra (fig. 416). For the 
diffusion of Sr it is seen that the difference spectrum is 
broader than for Ca ++ diffusion and it also has its minimum at 
lower wavelength (-207 rim). This is consistent with there being 
a contribution from the poly (o4-L-gu1uronate) sequences which 
behaves analogously to the effects observed for the high G alginate, 
i.e. for Sr diffusion its minimum is at lower wavelength and 
may be greater in magnitude. However, it is obvious that an 
additional effect is also seen, when Sr ions are diffused into high 
M alginate, which appears to be very similar to that observed on 
diffusion of Ca ++ ions. 
5. Gelation of the "Low" Viscosity Samples of the High G (sample 6 
and High M (sample 9) Alginates by Diffusion of Ca and Sr Ions 
Gelation experiments were also carried out in which Ca and 
ST ++ ions were dialysed into oi% solutions of the "low" viscosity 
forms of the high C- and high M alginates (samples 6 and 9 respectively) 
The results are shown in figs. 4.17 and 4.18 and figs. 4.20 and 4,21 
It can be readily seen that these samples give spectral changes which 
are extremely similar to those shown by the "high" viscosity samples 
and the dialysis wasp therefore, stopped after 10 days. As already 
mentioned indirect optical density measurements were made on the 
solutions and gels (fig- 4.19 and 4.22) but no significant differences 
were observed. Using • the thermostattable cell holder on the Cary 61 
the cell containing the gels formed after 10 days diffusion of Ca 
were also heated at 80 0C for 1 hr and then recooled and the spectrum 
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re-recorded. As shown in figs. 420 and 4.17 the spectrum of the 
high M alginate sample did not change at all after this treatment and 
the high G sample spectrum only became very slightly more positive 
Discussion on the Molecular ArranBements in the Junction Zones of an 
Alginate Gel 
Three main factors must be considered in attempting to 
understand the binding of cations by these polyuronates 150 0 
The intramolecular stereochemistry 
The polyelectrolyte effect 
(o) The ease with which the polysaccharide chains can pack together 
when chain association is part of the binding mechanism. 
In the Introduction to this Chapter it was shown that the 
D-mannuronate residues in an alginate molecule are 3-linked in the 
Reeves Cl conformation and that the L.-guluronate residues are o&-linked 
in the 1C conformation in both the solid state and in solution. The 
effect of this on the ion-binding due simply to polyelectrolyte 
effects was also discussed there and will not be considered in 
this section. This discussion is concerned with the detailed 3-
dimensional geometry of the associated polysaccharide "chains in the 
junction zones of an alginate gel. 
A close inspection of the buckled chain of guluronate 
residues in poly ( o&L-.gu1uronate) sequences indicates that there 
is a hydrophilic "nest" formed between each pair of residues (fig. 
4.23). This is made up of the carboxyl group and ON on one 
residue with 0(2 ') and 0(3') on the next residue in the "non-reducing" 
direction. Using the criterion for optimum binding suggested by 
Williams173 that a Ca-0(6) distance of 2.6 02 R is required, 




buckled chain of Fig0 423 	The disaccharide repeat in the 
176 
.O(2')H 
a poiy( c,(—-guluronate) sequence. 
investigated the ion—binding ability of polyuronates by computer 
model building. The angles 0, 	- and (&) (fig. 4.24) were varied 
Systematically over reasonable ranges and at each stage the 







Since the binding phenomenon involves ordered chain, conformations, 
only backbone conformations with integral screw symmetry were 
considered. 
It was shown that polyguluronate could indeed coordinate 
the Ca ion using the four oxygen atoms mentioned above and that 
the chains could have two or three fold symmetry. Using this 
information a study of molecular models indicated that two 
polygului'onate chains appear to be able to pack together best if they 
have two fold symmetry and are antiparallel. This is consistent 
with the experimentally determined crystal structure '49 . A space 
filling model of the proposed structure of the microcrystallite 
junction zones formed from polyguluronate sequences is shown in 
the photograph - fig. 4.25. Three associated chains are shown. 
Each chain has two fold symmetry and the centre chain is antiparallel 
to the other two. The buckled nature of single polyguluronate chains 
is clearly shown by the line drawn through the bottom chain. The 
calcium ions bound by the top and centre chains lie towards the top 
of the model as it is photographed. The ions bound by the centre and 
bottom chains lie in identical sites but, because of the two fold axis, 
they are towards the bottom of the model. It can be seen that each 
calcium ion lies in a well defined site formed from two of the 
hydrophilic "nests" mentioned earlier. Each calcium ion is 
completely surrounded by oxygen atoms and is coordinated by two 
carboxyl groups (balance of charge) and six other oxygen atoms 
(0(2') 0(3 ') and 0(5)) on each chain. This gives the calcium ions 
a coordination sphere of 8 atoms which is the coordination number 
often found 175 for Ca 	and Sr ++ ions. Examination of the model 
also shows that the hydrophobic regions of the alginate chains which 
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Fig. 4. 25 	A CHC space filling model of the proposed structure of 
the microcrystalline junction zones formed from polyguluronate sequences. 
Three chains are shown. Each chain has 2 fold symmetry and the centre 
chain is antiparallel to the other two. As explained in the text each 
calcium ion occupies a specific Site in which it is coordinated by a 
carboxyl group and three oxygen atoms (0(2') 0(31 ) and 0(5)) on each 
chain. Examination of the model also shows that the hydrophobic 
regions of the chain which lie between the hydrophilic "nests" are 
juxtaposed in this structure and this should help the chains to pack 
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associated structure of this type and this should also increase the 
ability of the chains to pack together. 
The computer calculations also show that polymannuronate chains 
can form sites with both two and three fold screw symmetry and in 
fact calcium polymannuronate crystallises with three fold screw 
symmetry'49 . Inspection of models, however, shows that the equatorial—
equatorial linkage, as opposed to the axial—axial linkage in poly-
guluronate, leads to a much flatter structure which gives much 
poorer "nests" for the cations to occupy. Moreover, the axial 0(2) 
on each residue protrudes from this flattened structure and would 
hinder the efficient packing of the chains. This may partly explain 
the lower tendency of such chains to complex. The calculations also 
show that when the inherently more flexible chains144  of alternating 
mannuronate and guluronate residues are constrained to ordered 
structures having integral screw symmetry (mainly four fold) they 
have little ability to complex. 
Polygalacturonate has anaxial—axial linkage and superficially 
it has a very similar buckled ribbon shape to that of polyguluronate. 
The computer calculations show, however, that because of the equatorial 
hydroxyl on 0(3) polygalacturonate has fewer coordination possibilities 
than polyguluronate and that most of these only involve three oxygen 
atoms. Two fold symmetry would seem to be preferred. It might, 
therefore, be expected that polyguluronate would form the strongest 
complexes and indeed strontium polyguluronate is much more stable 
than any known complex of poiygaiacturonat e
165 o  Moreover, the 
calculations also show that the spacing of the coordinating oxygen 
atoms is larger for polyguluronate (3.8 R rather than 3.4 ). This 
may explain why polyguluronate shows a strong selectivity of Sr ++ 
for Ca ++ whereas polygalacturonate does not 1650 
180 
in conciuuion, tho coopOra1iV) moc1mimi £oi the association 
of two or more chain in the 6olation of alGintos by divalont cations 
can be thought of in terms of an "egg—box" model similar to that 






Fig- 426 	Schematic representation of the tIegg_boxt model 
for the junction zones in an alginate gel0 
as a two dimensional analor to a corrugated egg—box in which the ions 
can pack and be coordinated. For the chains with three fold symmetry 
the association would probably occur in three dimensions rather than twoo 
Chains with two fold syDetry' may conceivably associate in the third 







0 , 0 
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requirement. The analogy is that the strength and selectivity of binding 
by the cooperative mechanism is determined by the way in which the 
"eggs" can pack into the "box" and by the way in which the polysaccharide 
chains forming the box can pack with each other around the eggs. 












Fig. 403 	Changes in circular dichroism spectrum with the diffusion 
of K to a final concentration of 6mM into a solution (oi%) of the 
high G alginate sample 5 The solution spectrum is shown by the 
continuous line and the spectrum after 4 days is shown by the dashed 










Fig. 4.4 	Changes in c.d. spectrum with the difftision of Mg 
to a final concentration of 6mM into a solution (0.1%) of the high G 
alginate sample 5. The solution spectrum is shown by the continuous 
line and the 4 and 10 day spectra are shown by the dashed and dotted 
lines respectively. 










Fig- 405 	Changes in c.d0 spectrum with diffusion of Ca to a 
final concentration of 6mM into a solution (oi%) of the high G 
alginate sample 5. The solution spectrum is shown by the continuous 
line and the 4 and 10 day spectra are shown by the dashed and 
dotted lines respectively. The 10 day difference spectrum is also 


















Fig. 46 Comparison of the solution and 10 day gelation spectrum, 
on diffusion of Ca, with the spectra from the proportions of the 







Fig. 407 	Changes in c.d. spectrum with diffusion of Sr ++ to a 
final concentration of 6mM into a solution (oi%) of the high G 
alginate sample 5. The solution spectrum is shown by the continuous 
line and the 49 10 and25 day spectra are shown by the dashed, dotted 






Fig- 48 	Changes in c.d. spectrum with diffusion of Cu into a solution (Oi%) of the high G 
alginate sample 5 The solution spectrum is shown by the continuous line and the 4 and 10 day gelation 
















Fig. 409 	Changes in c.d. spectra with diffusion of K to a final 
concentration of 6mMI into a solution (oi%) of the high M alginate 
sample 8 The solution spectrum is shown by the continuous line and 














Fig. 4. 10 	Changes in c.d. spectrum with diffusion of Mg to a 
final concentration of 6mM into a solution (oi%) of the high M 
alginate sample 8. The solution spectrum is shown by the continuous 
line and the 4 and 10 day spectra are shown by the dashed and dotted - 












Fig. 4 11 	Changes in c.d. spectrum with diffusion of Ca to a final 
concentration of 6mM into a solution (O.i%) of the high M alginate 
sample 8 The solution spectrum is shown by the continuous line 
and the 4 and 10 day gelation spectra are shown by the dashed and 




















A (n m) 
1 Solution 
2 0.202 x G Block spectrum 
3 0460 x Alt. Block spectrum 
4 0.338 x M Block spectrum 
5 10 day gelation spectrum 
Fig. 412 	Comparison of the solution and 10 day gelation spectra, 
for Ca gelation, with the spectra obtained from the proportions of 

















Fig. 4.13 	Changes in c.d. spectrum with diffusion of Sr to a 
final concentration of 6mM into a solution (O.i of the high M alginate 
sample 8 	The solution spectrum is shown by the continuous line and 











Fig. 4. 14 	Difference spectra for the diffusion of Ca into the 
solution of the high G alginate sample 5. The 10 day difference 
spectrum is shown by the continuous line and the 4 day difference 










Fig. 415 	Difference spectra for the diffusion of Sr into the 
solution of the high G alginate sample 5. The difference spectrum 
for the completed change is given by the continuous line. The 4 day 
difference spectrum is given by the dashed line. 
o 0 0 2 
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Fig0 416 	Difference spectra for the diffusion of (A) Ca and 










Fig- 417 	Changes in the c.d. spectrum on diffusion of Ca ++ to a 
final concentration of 6mM into a solution (001%) of the low viscosity 
high G alginate sample 6 The solution spectrum is shown by the 
continuous line and the 4 and 10 day gelation spectra by the dashed 
and dotted lines respectively. The spectrum after heating the 10 






Fig. 418 	Changes in c.d. spectrum on diffusion of Sr 	to a final 
concentration of 6mM into a solution (oi%) of the low viscosity high G 
alginate sample 6 The solution spectrum is shown by the continuous 
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Fig. 4q19 	Dynode Voltage spectrum recorded on the low viscosity 
high 0 alginate sample 6 solution (o1%) 0 No significant changes were 











Fig. 4.20 	Changes in c.d. spectra with diffusion of Ca ++ to a 
final concentration of 6mM into a solution (oi%) of the low viscosity 
high M alginate sample 9. The solution spectrum is shown by the 
continuous line and the 4 day spectrum by the dashed line. No further 
changes were observed after 10 days diffusion or after heating the 












Fig. 421 	Changes in c.d. spectrum on diffusion of Sr 
++ to a final 
concentration of 6mM into a solution (0.1%) of the low viscosity high M 
alginate sample 9. The solution spectrum is given by the continuous line 
and the 4 day spectrum by the dashed line. No further change was 
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Fig. 422 	Dynode voltage spectrum recorded on the low viscosity 
high M alginate sample 9 solution (oi%) 	No significant changes 
++ 	++ 




Concentration of Solutions 
Solutions were concentrated under reduced pressure using a 
rotary evaporator. The temperature of the water bath was not allowed 




All melting points were determined on a Kofler hot-stage 
apparatus and are uncorrected. 
Chromat 
Chromatograms were developed overnight on Whatman No. 1 paper. 
The solvent systems used were (v/v):- 
n-butanol:ethanol:water (4:1:5) 
n-butanol:ethanol:water:arnrnonia (40 : 10 :49: 1 ) 
For the separation of methyl glycosides double development using 
solvent (b) was found to give the best results. 
Detection of the j.ilGlcosides 
The reagent used for the detection of methyl glycosides was 
Potassium i-erioaatocuprate py 176) 
Copper sulphate pentahydrate (12.5 g) was dissolved in boiling 
water (400 ml). The heat was turned off and a little potassium 
periodate was carefully added. A violent reaction took place and 
a light green precipitate formed. The remainder of the potassium 
periodate (23 g) was added and a concentrated solution of potassium 
hydroxide (56 g) in water was added and the solution turned a 
dark green. Small amounts of potassium persuiphate were added to 
the hot solution at 1 minute intervals until 20 g had been added. 
The solution was boiled for 20 min and it 'turned a dark red. The 
solution was cooled, decanted from the flask and diluted to 500 ml 
205 
with water. The solution now contained 0.05 N potassium 
periodatocuprate in 2 N potassium hydroxide and it could be stored 
indefinitely in tightly sealed polythene bottles. 
The chromatograms were sprayed with the reagent and the 
compounds were shown up almost immediately as white spots against a 
yellow—brown background. When sprayed on to paper the background 
faded quickly but if a permanent record was desired a. rosaniline 
solution could be sprayed on 1 min after the periodatocuprate and 
this gave red spots against a white background. 
Rosaniline 
Rosaniline hydrochloride (03 g) was dissolved in acetic 
acid (100 ml) and made up to 1 1. with acetone. 
Phenol—Su lh3ric Acid Test for Carbohydrates'77 
The sugar solution (1 ml) was placed in a test tube and 
aqueous phenol (5% w/v: 1 ml) added. i\nalar concentrated sulphuric 
acid (5 ml) was added quickly directly on to the surface of the 
solution. After 30minutes, when the solution had cooled, the 
optical density of the solution was measured with an EEL colorimeter 
using filter number 623 (maximum transmission at 495 rim). 
Preparation of the Columnof Dowex-1 Stron.g Anion—Exchange Resin 
The chloride form of the resin was slurried with 2 N 
sodium hydroxide solution. After 20 minutes the supernatant liquid 
and fines were decanted. This process was repeated three times and 
it was accompanied by a large increase in resin volume. The resin was 
transferred to a column and conversion was completed by passing 2 N 
sodium hydroxide through the column until the eluate, after 
neutralisation with nitric acid, gave a negative test for chloride 
ions. 
206 
The resin was removed from the column, slurried with carbon 
dioxide free water and repacked. It was eluted with water until the 
eluate was neutral and no further expansion in the volume took place. 
Reconversion of the Column of Strong Anion—Exchange Resin 
The column was reconverted for use by passing M Na Cl 
solution down it until the effluent was neutral to litmus, followed 
by removal of the interstitial chloride ions by washing with water. 
The column was then converted to the hydroxide form as indicated 
before. 	 - 
Preparation of Anhydrous Methanol 
This was prepared as described by voge1178. 
Preparation of Raney—Nickel Catalyst (W-2) 179 
A stirred solution of NaOH (63.5 g) in distilled water (250 ml) 
was cooled to 1000 and nickel—aluminium alloy (B.D0H.: 50 g) was added 
in small portions at such a rate that the temperature did not rise 
above 25 0C. When all the alloy had been added the stirrer was 
stopped and the mixture was allowed to come to room temperature. 
After the evolution of hydrogen became SlOW thc reaction mixture 
was allowed to stand on a boiling water bath until the evolution of 
hydrogen again became slow (-...-12 hrs). The volume of the solution 
was kept constant during this period. The nickel was allowed to settle 
and was washed three 'times with water, the water being removed by 
decantation. The nickel was then washed with a solution of NaOH 
(8.5 g) in water (85 ml) and the solution decanted off. The nickel 
was washed by suspension in distilled water, as described by 11 ozengo179 , 
until the washings were neutral to litmus and then further washed 
(-.-80 1. in total) to completely remove all traces of alkali. The 
nickel was washed three times with 95 % ethanol and three times with 
absolute ethanol, the solvent being removed each time by decantation. 
207 
Tbê'catalyst was stored under absolute ethanol in bottles completely 
filled with absolute ethanol. 
Measurement of Cell Blanks for the Optical Rotation Measurements 
The cell blanks were recorded on the 10 cm polarimeter cell 
containing the appropriate solvent. The measurements were made, for 
both wavelengths (589 nm and 546 nm), at temperature intervals of 
7-8 0  C from 20-90 
0C and at three points when the cell was recooled. 
The values were plotted against temperature and the best curve drawn 
through these in each case. 	Corrections for the cell blanks at the 
appropriate temperature were taken from these best curves. The cell 
blanks, in all solvents, at both wavelengths were very small: of 
the order of + 0.0020 up to 50°C and increasing slightly up to 0.006° 
from 50°C to 90°C. 
Refractive Index and Density Measurements of the Solvents 
The refractive index and density of water were obtained 
from the Handbook of Chemistry and Physi cs180 , those of dimethyl 
suiphoxide from Schlfer and S chaffern ightl8l and the density of 
dioxan was obtained from the Zeitschrift fur Physicalisohe Chemie 182 
The refractive index of dioxan was measured on an Abbe' 
refractometer which was thermostatted by circulating water through 
its water jacket using a Haeke thermocirculator. The refractive index 
was measured at temperature intervals of 7-8 °C from l7.5_870500. 
A graph of the refractive index plotted against temperature gave a 
straight line. 
Purification of the Alginate Samples  
The alginate samples were dissolved in deionised water and their 
pH adjusted to 7.0 using I Na OH added by means of a syringe. 
208 
Sodium chloride was added to 0.1 M and the alginate solutions were 
dialysed in cellophane tubes suspended in deionised water. A 
small amount of chloroform was added to the solutions to prevent 
bacterial action. After dialysis the solutions were filtered through 
scintered glass funnels or glass filter paper and the alginate samples 
were isolated from the clarified solutions by freeze—drying. 
Z09 
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APPENDIX 1 
SU!ARY OF THE EMPIRICAL METHODS FOR CALCULATIIG CARBOHYDRATE 
MOLECUlAR ROTATIONS AND LIM(AGE ROTATIONS 
In thu appendix tho main foaturon of .,V- ho empirical methods 
used to calculate carbohydrate molecular rotationu and linlcae rotations 
are reproduced. An example of the application of each method is also 
given 
A Calculation of the Molecular Rotations of Monosaccharides 
10 Whiff en7 
A satis-
factory empirical theory of optical activity for organic 
molecules should, therefore, consider the possibility of 
applying superposition rules to two types of terms: 
(i) those associated with asymmetric carbon centres and 
(Icpcndcrit on the nature of the four substituents and 
their dispo tion in one or other of the cnainiomorphic. 
tetrahedral arrangements; (ii) terms associated with 
chemical bonds and dependent on the nature of the 
bond, of the subsutuents at its constituent atoms, and 
also on an angular co-ordinate describing the internal 
twisting of tlic terminal arrangements about the bond 
axis. 
Terms under the heading (i) are those envisaged by 
van't llofI and have often been considered; one of 
the simplest applications is that of Marker. 8 However, 
the molecular rotations of his table are all small in 
comparison with those of most active cyclic compounds, 
and none of his simple aliphatic hydrocarbons and 
alcohols has molecular rotations ([J° x oor zt) 
outside the range, ±15. 
TYPe (ii) terms merit a fuller consideration. The 
exkteucc of some such contrbutton is eernimniy mphcmf 
in the theoretical trcatmcnts 2 and also in some 
optical activity rules, notably those involved in the 
cupramnioiiiumfl complex work of Reeves,", 10 and is 
recognized by Stokes and Bcrgmann't in discussing 
s tcroids. These authors concentrate attention on the 
particular structures in which they are interested and 
do not consider the additivity of such terms or their 
transfcrnbility to other classes of compounds. 
If a general, fully substituted carbon-carbon bond, as 
in UV\VC-CXYZ, were taken as the basic unit for 
addirivity of type (ii) terms, numerical values would 
have to be associated with the sets of six substitucnts 
U, V, W, X, Y, and Z and with a function dependent 
on the internal rotation angle. A discussion on this 
basis would seem to he unwieldy, and simplifying 
assumptions are clearly required. In the present 
account, which considers only compounds of carbon, 
hydrogen and oxygen without multiple bonds, the five 
assumptions designated (A)-(E) arc made. 
(A) The optical rotation for a bond structure 
UVWC-CXYZ can be taken as the sum of a term each 
for the nine constituent structures, UC-CX, UC-CY, 
UC-CZ, VC-CX, VC-Cy, VC-CZ, WC-CX, WC-CY, 
and \\'C-CZ. Likewise, for UV\VG-OX there are 
three additive terms for UC-OX, vc-ox, and WC-OX. 
The optical rotation of the whole molecule is then 
tkcrl to he the sum of the contributions applicable 10 
each of its bonds. 
This assumption provides the major simplification 
required and is justified chiefly by the results shown in 
the Tables below. 
For compounds containing only carbon, hydrogen 
and oxygen and no multiple links, type (i) contributions, 
referring to asymmetric carbon centres, are ncgl;:iblc, 
i.e., contribute less than 20 to the molecular rotation. 
For this restricted class of comnpoumis at least two 
of the atoms substitutcd at each carbon must he idcii-
tical, and the asymmetry arises from the dilicriimg 
natures of the next nearest and more distant atoms. 
Marker's 8  compilation indicates _+ i to be the magni-
tude of these terms, but since his discussion does not 
exclude type (ii) terms, this is probably an upper limit. 
The contribution for U-CX is indcpcndcit of 
the other atoms. 
This assumption is relaxed for ring atoms and 
glycosidic oxygen atoms which are difFerentiated, but 
no distinction is made between the carbon atoms of 
-C11 3 and CI-I001I groups, for instance. 
The -01-1 group may be treated as an 0 atom 
and contributions irom C-C)i I bomids Omitted. 
This can be justified if all three potential minima 
• which arise from rotation about the C-Oil bond are of 
equal depth, or if terms iuvolvincz hydrogen atoms are 
'small. Both conditions are approximately met. 
• (1) For acyclic aliphatic compounds and six-meirm-
bered rings in their normal chair forms, all angles may 
be taken as those of a regular tetrahedron and the 
staggered arrangement is present about each bond. 
j This assumption is not strictly true when oxygen 
atoms are involved, but it is probably good enough. 
For three- or fivc-membcrcd rings, (E) would have to 
be replaced by a more appropriate assumption. 
Before sugesting 	 iecal vales andg  
applying these assumptions, it is necessary 	
U 
to discuss the change of the value of the - 	x 
contribution of UC-CX with internal 	cc 
rotation; this rotation is best described by , 
the angle 0 between the planes 0CC and . 
CCX. The positive direction is indicated 
in (I) where U is taken to be projected towards 
the observer. Restricting 0 to the range T-,> 0> 
7C the dependence of tile optical rotation 01 the 
UC-CX unit on 0 must involve some odd function 
of 0, such as sin 0, of which the most general is 	a,, 
"-0 
sin (n 0). This is not an additional assumption, but a 
ecessary Condition if' h.vtro anil /aevo enmrtirrrrorplrs 
tire to have tire tunic ittiiirciic'.,i values, but oj'oitc 
rs, lrr their rotations. As;tiiitiirn (E) restricts 
(I to :1 70 or ir. (onsetlucirt ly, if U X is written 
us nut abbreviation fir the contribution of UC-CX 
when 0 -' 	7t/3, then •--•U X is the couitrihut ion 
when () 	--7r/3, and there is zero contribution when 
() = 7r and the four utorns are coplanar. Consequently,' 
threc of the nine terms envisaged under assumption 
(A) arc in fact zero when assumption (E) is also made, 
and for the remaining six terms a dir;cwsioit of the 
esplkt angular dependence Is not required. The 
unit of (1) may be rotated in space to bring X forward 
to the observer, and this cannot affect the optical 
activity contribution and so UX = X U. If One 
of the central atoms is oxygen, the abbreviation for the 
contribution of U0-CX viler, 0 = + 7r/3 will be 
written U I X = X I U which is not the same as X I U, 
which must be reserved for the case when X is directly 
attached to the oxygen atom. 
to use suutti values a:; a guikic nirl a&ljiit thicuri to 
the best overall lit with the ex,euiuncnial vahres. 1'ahic I 
indicates su irble sum and dr I i'rcncc parameters whasc 
use citeunrvents the first difficulty; the numerical 
values sulftgt'stcLt arc those which give closest overall 
agreement, tituoughiout tire tables, Willi the experimemal  
values of the molecular rotations in water solutions and 
for tire wavelength of' sodinuri 1) lines. 
'1ul)tC I 
Definitions  of the rotation paran.'ters and suggested empirical 
i'alncs 
1)ctiuit ion 	 Symbol Vidue 
010-20 111 III1 .. 	 J. 	- 45 
O,iO-OI1--01t 1.11111 	 G •j- - 3 2 
01C-C11-1 _0111 -liii! . 	 II 	-f- 34 
O,OCriOOr Ilt FC r III 	 . I ± .13 
CriOCrIH+ Cri 11 CriO,+ OQjl I-H!H : 	J 	+113 
C,!CCrIHC ,IHC,!C+CIHHIH 	K ca. 
r = ring atom 	. ..... 
glycosidic oxygen 
The next logical step would be to express the molecu-
lar rotations of a number of compounds in terms of the 
parameters described, equate these totals to the 
observed rotations, solve the set of simultaneous 
equations for individual COfltril)lflionS of the UIX 
type and finally check these values against further com-
pounds. An attempt to do this shows that only certain 
sums and differences occur and the individual terms 
UjX, etc., are not obtainable. This is an inhcrnt 
property of the problem; it is entirely analogous to the 
impossibility of obtaining bond dipole moments from 
measurements on polyatoniic molecules and it is known 
that only bond moment difThrcnccs are obtainable. 
Also, it is unwise to obtain numerical values from the 
minimum requisite number of compounds and better 
Exml: 
Calculated molecular rotation of Methyl 	Galactoanosid 
in the Cl Conformation 
Contribution from 'bond 
- C2 Or/Cr - cjo oJo - 0/H + H/H - H/Or 
02 - 03 cjH - H/0 + 	0/0 - o/i + H/C- C/c 
0 3 - 04 CJC., - CJH + 	H/H - H/0 + 0/0 - 0/Cr 
C 4 - C5 C/H - H/H + 	H/C - c/o + °'°r 0/Cr 
C 	-o 5 r 
c/c -C /H 
or - o, - C/C 
Total OJO - c/a 	- 4 o/i + 
- 
H/H + 2 C/H + 2 0/0 
O/C; 	+ c/a 	- C/H 	+ c/a 	- :/o + i/c - c/c 11 r 	19 
j 	/0 - C II + C /11 - C /0 + 0,/h - u/u 
	
r 	r g 	i 
2F 	2 o/o - 4 0/11  + 2 If/H 
O 	0/0 - oJu - 0/H + H/H 
I 	0/0 - CT /0.— Or/H + 0/H 
—H = _o/c + CA + 0/H 	H/Il 
Total 	—C/o - 0/H + 2 C /H - C0 + H/H + 2 0/0 - 4 0/H r 
+ 06/0 + 0/0 - CJO - Or/H - O/C + C/H. 
Molecular rotation 	3 + 2 F + 0 + I - H 
113+90+32+43 - 34 
244 
Now the empirical value for the hydroxymethyl group for a D sugar = + 30 
and the empirical value to give the methyl 	glycoside 	 + 100 
Calculated methy1_l_ga1actoSide value = 374 
Observed value [MJ 	380 
2. Brewster 8: 
- 	 an attempt 
ciuPirically to relate sign of rotauontotructurc, 
confrinatn'ii and almoltite couhigtlration.& It has 
been I ciin'l OmL this can be (lone ior inriny corn-
}KiflndS Icy use of twu eccic-rtl ricks, a sunrile 111ecl1CI(I 
Ca ,iaiiic tiuincl accalvsis, acal :c 
 
11111ii,ed iiwccber of 
eccciric;d ri.cti' iU constants. Indeed ill inaccy 
C;cs( - s. the ccnc;iiit n(Ie UI rotation c.&n also he pie-
(lited. The ecerici rules are cnhl)ilical ClaiMnat joltS 
of the following hvpotltcis 6 tvltidi undiiiLs I II 
whole treat ii iLl it itsec I here: .1 -en!cr of 0/)! jeal 
cfh11y can :ice fully be c1escrib'd s an USV1U111t'IT:C 
scrcw' pczllern of poluri;abziily. 9 
This hvptcthcsis\\ - ill he usciul' only if centers of 
optical net IVItV can be (leScFihc(I in such a way that 
(hire is icitciricalIy, a correlat ion between assigned 
screw Inccitkducss acid ouserved siiii of iOtiOi1i 
and also a correlation between 11cc ailiouflt of 
po1iriz;tbiIity (listribilted ill a screw sense and the 
ln:cifli tULle Ca rotatory C(lllLribULiOfl. lIce empirical  
rules developed to meet these requirecicenis are 
presented in this paper. The application of these 
rucs to open-chain coinpoicicS s also described 
their application to cyclic COnIpOLcIlCIS is described 




• 	 I,A>13>C>D 
B 	 A 	 C 
C 	C—' B 	B - 
a 	 b 
Atomic Asymmetry.—Thc tetrahedral systecn 
xABCD, can be described as a left-handed screw 
ci 
I) , I Lt:ilt of J)0t liZtilLLI V 	Vll('It it has .IIC 	lliI>iIt.'. 
IIitIIiIii,It 11111 SIIU\VII ill file Fischer liljcetunt 	I 
:11111 	liti 	.\ 	It 	> ( 	,. 	I) in l)(hlihlizituhuhul\'.' ° 	if, 
11th ill l ihlJY 	I 'II lI(;i,; 	i5 	i 'iil l 	ii;1til, 	I 
\'l' !hlfl 	:l 	l;VhhhhiliI ri• ah""s I Iili;: l'tIIt.: 
1i):111-illioll I to Ihnl}:e i tt iItuI) cull I ,.ihii i ;ns of' Hit! 
, hhlIc.:i1'lI 4 ; 	 ( his stateiiiciil. is o1wratiollally 
hlltht'';s, ll()vc\cr, tiiiiil we caii (It:'chIji sollie stahl(l- 
ihh(i 	hilt(II()(l 	IlIr 	assigning 	llOI:lIiZat)iij LV 	rank'  
to (lie stih';litueiits A. It, C aiitl i').hi 	It is foiiid 
(Intl. IIII (hiiI)itjCal S((JLlChtCt? of J)LlIiIiZtI)iliL%cS (Table 
I) Can he ('StnIJliSII((j by liOtilig the Sittt III (\l Ji) 
of Cfl1tiointlhv related compoinals which COil 
rcaso,iab/v be e.v/'eciei/ to shone essentially pure cltOflhIC 
aSyuilnut'/ry 2 (111 de 11).' It is clear front the 
position of the plicityl group ill Table I that priority 
cannot he assigtictl on the basis of the 1)olarizability 
(refraction) of the Mire SU1)StitUCIlt. 21 11IC posi-
tion of the carbon sequence suggests that priority 
COWL! be assigned oil the basis of the polarizabiltty,  
of attachment atonis" (as the carbon atom of a 
methyl group) provided unsaturation is taken iii to 
accou (, We obtain, thus. the empirical atm U 
asymmetry rule: .'l n a svm uu;CIr iC atoni in hue ibsolut ic 
couui ura iiou: I is dcxiroro:atorv4 C/en the pola tIZC-i 
bililics of the siibshit,ic,:f attach went atoms '4  decrease 
in flue order: .1 > B > C > D.11 Under this IUiC, a 
fonnallv asynluietric atom carrying two or more 
alkyl groups will be considered to be, per sc, 
optically i;tactive although it may provide a stcri-
cally asvitiinctric environment conducive to the 
development of coiiforina ional asymmetry (below). 
a 	 b 
IA 
Conforinational Asynuncly.—A twisted chain ofi 
four atoms, -C--C-A', displav3 its asiii'netri 
iit:.st clearly when it is viewed ab inz the Q C 
as in tin' \e\Vin:tli 11roj'ctilIs IX; thic cun-j 
fort nut ha nil nsv,i t isictry of it co, :i lcx 'U rite (iii e is 
ziu'L C4Ihi'chIiehllly u,ialv:'.ed by sstcivat.ic ill- 
spect inn of all 1)011(15 for tin its of this nature. It is 
1(11111(1 (hhI)iiiCally tlttt 11ia l(llifOruIiIuiWlIOl iiuiits JAb 
and J,"IC (OH be (onsulerc(l to be lcxtrorutatarv1 ' °' 
in I/ic (IhIsoh/uIC co,,fij'uurcuIjolts s/rn-u',: :iiut/ to make 
contributions to [,N1 I I) wit ic/i can be expressed imi/Iw-
niaticahly'7 
- A(M) 
where A and A ' arc [uluciwus of Lite 1)olanzabihtti('s, 
of the terminal ntoiIis' and h a constant which 
appears to be the sante for JXb and DRY ] t 
is of interest that this clextrorotatorv cotifornia-
tiona 1 unit caii he dcsc'ri I wd as a left-handed SC1C\V 
patient of rnIarizability (coiiiparc the aSyIit-i 
i,lctiiC a(niti, alnve). 	It is to he CxI)CCt( - t.l I h:ut the I 
hi1lhhlthi(tC of (lie rtitatt)iV c-lic'c't tO one of th,c; 
c('tlI('illtiIlioli:tl 	LithiL.S 	vtinIul 	lie 	ih1crc;tse(I 	ii Illie I 
(or 1)1)1 Ii) (If the terminal Iivads Vei e iii uI tilde. 
'fhie basic rule of Coithl,inat ninal asvihi,uclrv is 
itiade (iperatiiihltl by the asSuilnhitiull that. thic rnt:i-
tory etieCtS of cot,io,iitatiutiitl ii its are add i live i: 
full coriforjiiatic ins, as Xa (''staggered') and Xb 
(''celipse(I'') which, on this basis, have the rtalory 
liower -  
IMI 	-I-i: (Ai' — A.11 — A'li •1- t.iu) 
'1k (A-- )t)(A' - H) 
A + 	
A 
- 	 (I 
iI 
It is fou ll(l empirically (hi:ii :otiutors' 	ow rs 4 
1 can be assigned to the full Coll fortiwl I 
(Table I) which, used ill Conjunction \vt Ii a 
method of confoimiliit inital analysis (below), 	ii L 
predictions of the sign and 	au:dt 01 iOtat;'oi 
of siiiipic open-chain conipouiiils (this p.t I)e!). 
It is shown in part II that these ,camc rotal hat "-
slants can be used with saturated cyclic ca:np'u iaas. 
:'hcrc this ,nchI;od of con,o,mni:oi:a! analysis is ,:'! 
needed. It will be noted (Table I) that tliene rcaa-
.(ory values fall into a sequence paralleling tile 
emill)irical polarizability sequence found for caun-
• pounds showing pure atomic asvumuetry ; it li:ts 
already been pointed out that these valueS can 
roughly be calculated front refractions by use of an 
em pirical equation. 
The working rules of the simple iiiethod of c o n-
formational analysis used here are: (1) Osiv 
co,,formnatiomms correspoticlimig to cncrgy ,r,i:iinia Will 
be prevalent enon ii to produce appreciable rota-
toiy effects. (2) The live atom cor,;urnia.cm :. r 
is ''p)ohiibitcd" when the tc'r;ninah atozis are 
larger than hydrogen, the strain here being can-
parable to that found in a I • 3-cliaxirully substituted 
cycloliexane. (3) The conforinat n Xli is ''pro-
hibited" when the atoms A. B and. C are !l larer 
-than h)rdrogcn. 	(4) In the first ap/'Io.vi/nc!:c'!!, 
all allowed conformations are considered equaiy 
probable. This rule cannot be justiticd titcoret-
icahiy hut is ;icccssarv tar a sm:pie analvs Ca 
flexible comnpouiids; it may well be that it wOmS 
because there is some compensation of errors ill UiC 
iiiethiocl. 
In addition to these rule, it is assumed that Inc.  





0 - 	-'--C 
X 	 XII 
Tetrahydropyrait S Dcrivatives.--Tlit r' iaC;I)ks 
which permit the prescnt iii;UOr siiiiplilicatiomi mid 
extension of \\'hii ;Ten's treatment of comiforitia t icatal 
asvininetFV appear. to be contradicted at tluec 
important  point s by \Vh,ificii's work. These CC'iI-
tradictiomis CaII be met only by showing that the 
present t rca tiitemi t allows a sat isfa ctor' calea am Ira' 
of the rotations of the p ruiiOSC sugars and tilcjf 
methyl glvcosidcsby use of enillirical v.tati'i1 
constants consistent (as -sonic of \VhiiIes arc 
not) with (lie principles used here. It is sh1.vn 
below that these rotations call, judeed, be cale,mlat'l 
using six such comistailtS (rounded to the 
five dcrces) ; \Vhificn used sccn timinelated and 
tiIirOtIli(le(l coi,stali ts in Se same calculatiens. 
One of the present constants jktC - JI 	- I I) 
-4-50 ° ) corresponds in form, to \Vliifl'eu's comistami i 
Ill for which he gives a value of j-34 00 :  as 
shown above amid ill part I. the prc''m 	Vahl'2 iS 
suitable for use with acvclic alcohols and is eneralI 
better llI.0 \VliilIt u ' s value when tetilelle and 
Sil 1)111 .1111 'lullS .111.' (I)I),i(l('lt'lj. 	llil 	SCCIII1I! ol Ill k.  
res'ui( 	ui.t ants [1(( ) — II ) -.+ •l., ) cnr&cponds 
III f(will and iit:uuiuitle to \\'lutitai's c'istauit 1' . , 
am! it as \Vluilleu has s1unvui, 1 ' siiit.ulik for cal-
culating, tile i I)L)til)Il5 01 the CVCII t)iS; its S11OWII 
alaIVt', it forms it consistent Series willi the values 
fur 1t,C 111(0 —• III amid k(C - 11) tuseilinparti. 
This Constant t \vill also be used to Compute time 
rotation (I) iLSV1IIIIICIFiC CUilLOrlaati()liS about bond 
C 1 - C. v)crc one of the hvd rl)XV groups is glyco 
suduc. \\lnbien has used R constant G (±:32 0) for 
this j)iii'posC ; acceptumice of his value would require a 
rel)tmdi:il lull of the central jIrimicipie that the rota 
(wv power of the asv iii ii uct ne eua iu! nation XXXV-' 
111 is independent of the nature of V. 
:>: 
7 
(MJ - k(X - 11)(Z - H) 
x-xxv11I 
The tetrahivdropvrami ring, in contrast to cyclo-
hiexauic. has an axis of poliirizabiIitv (lilxcrencc 
bctvccmt 0 :111(1 C4). If the axial SUbStitUCItS at 
1 and C5 itre different (its in XXXIX), t!lev will C 
forni on aXIS of poiuii;:a!iilitv (lifucremiCe which vili 
turin a screw pattern of J)olam'izabIlity with ttie 
nuu axis. This pattern. as seen ill projection 
in X1.1, has the character of a left-handed screw 
and WWI (art. J) be dcx rurotatorv. Since the 
Con u,ruuuatioum:d asvinmtrv effect of the hydroxyl  
group is + AitO lii. we limaVeXJ)eCt XX.X1.\ to 
be St uo!nlv dextrorotatorv; the empirical VlIIUC 
u';d here is -- )' lo, to be colmul)iire(l wi Lii \\limhemi's 
value •1 -- I! .Aiuixiiu !IVCI I .0XV group at 
(it' (.1 its ShOW)) in XL produces the sonic permilo. 
!ccuhtr pal tern XL!, lure opposed by the weak net 
levtrot:utorv coimiormumatiunal ebrect: —k(C — 
((1 Il) . cm ;°. The total rotatory effect of 
X 1, is (.t inalte(l lucre to be + ( P& \\'hiffemi's 
CIllistitlIt I (II3) itlis (he cOfl'CSI)umuIl%uit 1\IIC ill 
his e;ik'iilai ions. ' All additional cuimstuuit is re-









tiiiiji is iii 	it 	Stti'il'llIl\' 	tS'uilul)&l lii' t'iiVlt't)lill)ti)i 
the two '',ull&'vuib" 	 of this group tS 
fotuuid in n.hiexoses arc seen ill XLI I. 	'I'hic ciii- 
HO H 	 H 
>1 	0H 
+k(O — H) 	+15° 	—k(C — Ii)(O  
+25° 
XLI1 
pii'icai value -f 0  is used hi(:tC for this system 
\VhiIen USeS 8 value of -1-30. Time positive sign 
Of this value is CousiSiCut with the suuuithler size of 
the ether oxygen as compared to C 4 0 111i its stebsill-
'ucnlY the unagimituide of this constant cannot I)' 
predicted. A limuiui Constant is rc.:pmiretl for caleim-
latiouis of the rotation of umuetlivi glycosides. This 
constant reflects the fact that the mcthoxy group 
TAULS X 




Present 	 1,'bilTeu' \iS.'i' 	Prescia 
k(O — llO — II) 	 +430 
C. 
- 11)(0  
xXXlx'  
+00° 
xLrI 	 +30 ° 
XLV° _100 0 	3a U 
11te values can be, r,tuuhIe, cicul:. il be letting the 
peruuiolecuular effect he •-mta° and by !sigmuillg the Va mc: 
k( E — . 11)(C    — 11) 	—50% where 1 lepreseut us an tiuus iart:! 
lair t cicctrcuis out oxvgemu. Out t:ii basi5 XXXi X 
q .imj: 05 4- k(C - igo — II) — k(O - 1['(C 
+I(i7: XL nccumics: 05 — k(C - 0(0 - h{) .  
the value /(0 — IL 	.15, and XLV Iacuiucs: - k (C - 
1' a( 0 - U) - --02 ' .  The cui;irhal values give better ii 
avid are used in Table Xl 
is jut a sterically asvuuinmctric emivirouimmucui I. 	In 
the -u..imexosides (N1,111), for example, (lie asviu-
miletric ci immforuuiatioiu XLV should prcc1oimiut:te; 
this ccimmformluitti(ul should be lcvo'utatorv but jt.s 
imu ugh i tucle of rotation Cannot It be predicted. 
Value of ' 112' is tISCI'! here (\\iiilft'ii uses -- !Nil; 
a value of ± 105 0  is, then, required fur 6.D-lmcxn-
sides (XLIV). 
0CI4 
XLIII, 13  
CH 
XLV, .-kC(O — H) - —110,50 
Example: 
Calculated moiccular rotation for Methyl -DCaiactopyrafloSi 
in the 01-conformation 
Contribution from bond 	 Value 
C 1-0 2 k (0-H) (0-H) +45 
C 2-C3 k (0- 1 1) ( c-H) +45 
c 3-c 4 k(0-H) (0-H) +45 
C4-05 — k (o-H)(c-H) -50 
0-0 5r — — 
0-C ri — - 
Plus 
Permolecular effect of axial C(l)-OCH3(XXXIX) +100 





Observed  Q 
value for the 





hydro'ç,rmethyl group for a D sugar +25 
the methyl 0(_2-glycoside 	 +105 
alactoside value 	 = 375 
380 
3 Lemieux and Martin 2 : 
the empirical rules that were (list suggested by 
\VhiuIcn 3 and later elaborated by Brewster'. This communication provides further 
experimental evidence for the utility of such rules. However, to do so, we need to 
propose new values for the contributions to rotation made by certain asymmetric 
conformational units found in saturated oxygenated compounds wherein neighboring 
groups are encountered that have staggered arrangcmcnts, or at least approximately 
so. \Vh iffen proposed it to be "unwise to obtain numerical values from the mini mum 
requisite number of compounds and better to use such values as a guide and adjust 
them to give the best overall fit with the experimental values." Our basic assumption 
in dcvclopin the nuincrical values for contributions to rotation by asymmetric 
coil rormatioiial units contradicts this proposal. Instead, we believe it more usc/ui to 
arrive at values by using the rotations of closely related structures, including whenever 
possible simple model compounds that contain structural units present in the more 
complex carbohydrate structures. This procedure is considered more useful since it 
allows predictions of the rotation of more-complex, related structures of fixed 
con format ion. The resultant values are generally in better accord with observation 
than are those obtained from the nlçne general a pproachcs employed either by 
\Vhi lien or by Brewster'. Thus, the procedure should be more reliable in at (aching 
significance to differences between calculated and observed rotations. This expectation 
appears, as will be seen, well justified by the results achieved. Also, Brewster found it 
necessary to invoke the concept of perraolecular dissymmetry in his treatment of the 
rotations of carbohydrates. We have found, following \Vhilics procedure, that the 
rotation thus assigned can be attributed to the occurrence of asymmetric confor-
mational units formed by carbon and oxygen atoms in Liwiclie relationship, as long as 
different values are assigned depending on whether the bridging atoms are both 




Analysis of the asymmetric conformation units present in R.2-methyltctra-
hydropyran in conformation 7 which has the methyl group in equatorial orientation 
shows that these cancel to zero. Both \Vhiffcii 3 and Brewster' have pointed out that 
in the absence of differences in the contributions to rotation arising from such asyni-
metric coil formation al units (pair-wise contributions') only small rotations are to be 
expected; that is, the presence of the asymmetric carbon in 7 on its own is not expected 
to render the compound appreciably optically active and, indeed, as seen in Table I 
the molecular rotation was less than 5 0 in all the solvents reported. 10 the case of 
compound 9, analysis of the asymmetric conformational units present in the chair 
1.foim indicated shows the follovng differences: 0/C— (0/11 -I C/Il - 11/11). The 
rotation of 9 was found to be ± 14° in water. As mentioned above, it is arbitrarily 
assumed for the purposes of this presentation that the contributions 0/I1, C/Il, and 
il/Il are negligibly sinai as compared to the 0/C coat ribut ion. Since it scenis reason-
able to expect the term 0/I1 CII -- I I/i I to be positive, the 0/C contribution is 
estimated to be somewhat lower than the rotation or 9. l'lic rcforc,I th e difference 
between the rotation of 9 and 7, namely 14-4 10, is considered a better approxi-
mate value for the 0/C contribution than is the rotation of!).lt is emphasized again 
that this assumption is made both for reasons of convenience and better overall 
agreement as are other basically false assumptions implicit to this approach; namely, 
that the molecules are in perfect chair forms (indeed appreciable contributions to 
rotation may even arise from neighboring substituents wrongly assumed to be in a 
perfect antiparahlel arrangement), that interactions further extended than for neigh-
boring atoms make no contributions (no permolecular contributions), and that 
solvent effects are not present. In this light, we assign a contribution to rotation of 
+ 100 when in the structures under consideration there exists an oxygen and a carbon 
in gauche relationship and bridged by two carbon atoms and describing a right-handed 
screw pattern of asymmetry; i.e., as shown in the following asymmetric unit. 
OH 





D-tIlrcO-1 ,2-Cyclohcxancdiot (11) differs in asymmetric conformational units 
from cyclohexanol by 2(11/11-0/1 1)-(0J0-i 1/1 1), and this illerence is co sidered to 
be the origin of the molar rotation (-4 8 ') of the compound. consideration of the 
content of Table IT shows that the choke of 0/0 = IS°, as initially proposed by 
\VhiIicit 3  provides an excellent basis for estiivatini the molar rotauonsotconIpou lit Is 
with known coiiforinations whercin these ; yiumetiic cooforinatiortal units occur. 
In his empirical rules to correlate rotation with the structure of methyl Tyco-
pyranosides, Brewster' assigned a contribution of ± 105 ° (depending o 	 e coiura- g 
(ion)  to the conformational unit defined by the acetal linkage as shown in I.I. That this 
carbon--oxygen bridged, asymmetric conformational-unit, which we specify as 0/C O3 
O) _C•2 
14 
should make a strong contribution to rotation is evident from the rotations of the 
aIdopyranoscs listed in Table [V having the I -substituent axial. rt is seen that a value 
of 1' IS" foi' Ilic 0/C 0 Unit described by the axial oxygen atom and C-5 provides a 
:.good correspondence between prçdicted and observed rotations. the value of 1150 for 0/C 0 
corresponds to the value of 1130  assigned by \Vhiil'cn to his rotational parameter J. 
Table V [ shows that good a)reelncnt is achieved in the calculation of the Ino!r 
rotations for I 'axial methyl -D-gtyeopyranosi(ks if it is assumed that the orieatation 
of the methyl )!roll is entirely that of the enantiomer of 1-1 (that is, -I- 0/C 0). I 1owvcc, 
tile agreCui1( IS IluL neai iy IN accepwole for the 1-equatorial methyl glycopyranosides 
(Table VII), since in all of the examptes given the difference between the calculated. 
and found values is negative. 
the effect of introducing an hydroxyl group at C-6 of a. 
6-deoxy-D-hexopyranose stIuCtUfC is to increase the rotation by about 250 
Examole: 
Calculated L:olecular Rotation of 	 in 
the Cl Conformation 
Contribution from bond Value 
C 1—C 2 + 0/0 - 0/C + 0/C +45 
C2_C3 + 0/0 +45 
C 3—C4 + 0/0 - 0/C +35 





.+ C/Co - 
+ 0/c0 - c/c0 +115 
Plus 
The empirical value for the hydroxymethyl group of a D sugar = 25 
Plus the empirical value to give the rnethyl–D glycoside (+ o/c&= 115 
Calculated methyl –galactoside value 	 405 
Observed value [Ir?a 	 = 380 
B. Calculation of the Linkage Rotations 
Roes15 
\Ve start by asking whether any part of the total 1 
opt ical rotation may be iden tilted as a specific contri-; 
Intl iui by I lie link;t geSten)cl1emistry. We rconize 
Me ju ,:/ tifl,)II Ii lilt 50 lilt lilt 155 of the z'un'I 11otT super-
1( 051110  Ii J(f1111/IIIC  and Hudson's YUICS zolsich are derived 
_fro,n it, and 111c f0110w4n discussion depends 'in no way 
on these ideas. The true Principles to be applied in 
additive and subtractive treatment of optical rotation 
contributions within a molecule have been enunciated 
by ha nut ianti . lie has pointed out that the quantum 
theories of optical rotation (10 nol suggest that the 
litavu.nir is a result of any property of individual 
groups such as the electronic motions in an asymmetric 
carbon a h tin, but is rather a result of the modification 
of sii'li iin.ttiuns by interactions l)etWtefl groups. Tue 
opt ieal ritltl ion siwlilli not be SC&II as a sum of con- 
ft'ot istiated groups lot (IS a stint tif intcr-
act i ni nIecEs between groups. The terms to be con-i 
siltt'cd are of the type Ali C Iir\c interactions 
Ali(', ( three-way interactions '), A] IC!) (' four-way 
interactions), and so on. 'l'he interactions may be 
through couhuttibic, dipole, or quadrupt'dc perturbation 
of electronic transitions, strong dispersion forces, 
charge-transfer effects, or through covalent bonds. 17 
\ViUiin this context, we now define the linkage rotation 
for a given wavelciigtli l)y equation (1) where [Zt1 1] 
-F- [ 111 n]} 	(1) 
is the molecular rotation for a given disaccharide which 
contains a nonreduning (N) and a reducing (R) residue, 
is t he molecular rotation of the methyl glycoside 
of N I iav big the same anonieric configuration as the 
ci isacci tarit In, utml [.lItt] is the rotation of the reducing 
sugar. For the present, we assume th a t t t mutarotation 
cqnihihritiiit is the sante for R and NR, but possible 
complications will be considered later. In most of the 
examples to be given in this paper, [A] will actually be 
calculated by the use of corresponding equations for 
disaccharide glycosides or other derivatives for which 
this problem does not arise. 
The value for [A] represents the optical rotation due 
to interactions across the glycosidic linkage, minus any 
Coll tril)utuon to [I'iInoN] and [M 11] by interactions of the 
gl) 'cosilic methyl and of the hydrogen lost frs a 
in formal elimination to give NR. The positive terms 
would include any influence of one residue on the ring 
conformation of the other, any strung forces of attraction 
and repulsion which, by perturbing electronic mot ion:-;, 
have chilferent effects on the refractive indices to 
and right-handed circularly l)olari-/.eci ugh 1, and 
interactions through the glycosidic bcutdiitg sysa1n. 
To interpret [A], we must make assumptions about 
which of these effects are likely to be important. Fitt; 
this stage of the argument onwards, therefore, the treat-
ment is justified only to the extent that it works. 
0 
Configurations at (11), vicwd from 0(1): P (11) and a (Ill) 
41 
' 
Configurations at nou-alIotItnl'ic carbon atonis, Vicwrd from the 
oxygen to which it is bonded: equatorial oxygen (1\ 1 ) 
axial M. C(4) is shown hero for illustration but the 5.1tlC 
Considerations apply for C(2) and C(3) 
I because the sugar residue to be considered at t Ii is s; age 
are stable in the 1ecves Cl conformation, we shall 
attempt to account for linkage rotati ons ill trius 1 
interactions between I)ondcd atoms .S ince Rrewstnr's 
methods and parameters work so well for other in 
cules,tI,t3 including carbohydrates, 12 we shall use them 
here. The notation is also his, except for cl, and ip 
which, for consistency, 118  have the pt)siti\'C (lirectilus 
shown (II—V). Each angle is zero when the relevant 
C--C) and C-li boiid arc eclipsed and is denoted Ah 
or \i/, to avoid confusion with an earlier C4)flVClltlOfl 
for the origin. Each chain of four atoms makes a con-
tIil)Ut il )fl which dc;cnt1s on the dihedral angle, and 
which is positive when the angle has a righIt-hmaroled 
SCFCW . Liling CehIt,))i4)Se (I) as an example,' 
tic interaction C()-C( 1 )-O-C(.I ') makes the contri-
but i on 14.15 (3) ill which the constant (see XLV ) is 
= constant x sin 0 	 (3) 
2/ \/3 x (105) 	10° for the wavelength of the sodiun 
n line and 0 is the dihedral angle, actually (/3 + 
Thus we obtain equation (4). in general, the value of 
10 sin (2ir/3 4- 	) (4) 
time constant depends Im the nature of the atoms con-
rerned, but a central C-O bond is common to all time 
interact ions we shall need to es imate and, for terminaL 
atonis, tile data (see Tahiel and Table 2 4)  show that 
oxygen has about the Same rotational rank as caixoi 
bumided to a imydroxy-group, while hydrogen atoms cant 
be neglected. The other terms are then as shown in 
equations (5). (Ii), and (7) for 0(5)-C(i) -0-C(4'). 
C(I)--0C(4 1 )C(S'). and C(1)-0C(4')C(3') respectively. 
['tin 	 (5) 
[4 P3]J) = - 120 sin ( 2 /3 - ./) (U) 
= it) sin (/3 -i- 	), 	(7) 
To estimate [Al n, we must also subtract the 
C,,, (h00-C(l) -O(5) and C.,,,1-0—C(I)Q2) interartiamis 
which were implicit in 1 1 1M.N 1, ( see (1)1, alul  for uli'hi 
the combined value is act uahlv -. 105'. For (i-i a ikei 
disaccharide., in which the lit in red, ucing residue is I 
and has the Reeves Cl conformation, tliCrCtOFe We obtain. 
equation (8) which readily simnphiiies to (0).. We prefer 
= [D3 l ± ftl] + [4'311) -- [ 41 411) + 100 (S) 
CA& mj n = 105 - 10(sin /, -- sin tb) 	 (0) 
to take account of the methyl group in this way rather 
than in equation (1) because [A,, 1 ,] is then based only 
on direct nwasnremcnts and time i. lmei iret ical paranict 15 
are all contained in 	A tliuercnt eXI)ressi( iii (10) 
must be used for whriked disaccharides because 
correction then 12  has a different sign. The sign of die 
= —105 - 120(sici 	± sill ,/,) (10) 
lirst term in equations () and (3) must be reconsidered 
if the nonreducing residue has the L co;iiIgurat ion or the 
Reeves 1C Coll forma tit>n. 
Example: 
Calculation of the Observed and calculated Values of the Linkage 
flotaUanof Methyl -Cellobioide. 
Obrevec1Ljnke Rotation: 
The molecular rotations observed in this study (Chapters 1 and 2 
are used to demonstrate the calculation of the observed molecular 
rotation 
0 
[M]5 C Na 
- 	 ., Met 	3—cellobiosiae 	 —646
0 
 
Methyl —D—lucopyranoside 	_62o00 
	
obs= 	— ( 
[LL.] + 	[Mj ) 
Both [M] and 	are in this case methyl 3-D-glucopyranoside. 
os  [b1 = -
646° — (_124 o00) 
= 5940 
Calculated Linkage Rotation: 
The values of 0 and-1- which have 
crystal coordinates 	would correspond 
[-t'-caic] = 105 — 120 (si 
= 62° 
been calculated 	from 
to LØ = 42° 	= -180 
0 42 — sin 18 0  
This excellent agreement of the observed and calculated linkage 
rotations strongly suggests that the solution and crystal conformations 
are similar. 
APPENDIX 2 
THE VARIATION OF TI COMPENSATED MOLECULAR ROTATION (com.ro) OF THE 
MONOSACCHARIDE METHYL GLYCOSIDES WITH TEMPERATURE, AT 
APPENDIX 2 
The Variation of the Compensated Molecular Rotation (cemor a) with Temperature at X  546 
Value of c0m0r. at the temperature indicated (degrees) 
Sample Solvent. 20 25 30 40 50 60 70 80 
Me c(-D-glucopyranoside H20 357 0 7 35709 3582 3587 359.2 3596 3601 3606 
DM50 351.1 3511 351.1 351.0 3510 3508 3506 3503 
Dioxan 3587 3598 361.0 3627 3643 3654 365.8 366.0 
Me J-D-r1opyranoside H 2  0 2923 2925 2926 2930 2933 
2936 2941 2944 
DMSO 2828 2828 2828 2827 2825 2820 2813 2804 
Dioxan 3147 3147 314.6 3145 3142 3139 3133 3127 
Me 0&-D-.mannopyranoside H 2  0 1744 1749 1755 1766 1777 
1788 1799  1810 
DMSO 1629 1648 1665 1699 1727 175 2 1775 179 6 
Dioxan 2516 25 1 . 1 2501 2490 2467 2438 240.2 235.6 
Med..-D-.galactopyranoside H20 4407 439. 1 437.8 435.6 433°9 432.2 430.7 429.4 
DMSO 396.0 3948 393.8 391.9 390.1 388.5 387.2 3860 
Dioxan 357.6 35903 360.9 364.0 367.0 369.6 371.6 373.1 
APPDIX2. (Continued) 
Value of c.m.. at the temperature indicated (degrees) 
Sample Solvent 20 25 30 40 50 60 70 80 
Me 	-I,-arabinopyranoside H20 4551 454 0 3 45305 4520 45004 4489 447.3 4458 
DMSO 3908 3892 3878 3848 3819 3792 3760 374.3 
Dioxan 393.4 393.5 3936 3936 393.4 392o5 3913 390.0 
3 1 6 Anhydro-me-0(--galacto- H 2  0 1638 
162.8 1617 1597 1577 1560 1543 1527 
pyranoside DMSO 150o9 1510 l511 1513 1515 151.7 1519 1521 
D).oxan 1740 1739 1738 1736 1734 1732 1729 1727 
Me 	-D.-g1ucopyranoside H 2  0 -73,6 -732 
-728 -721 -714 -708 -703 -699 
DM50 762 750 73o7 715 695 678 664 647 
Dioxan -806 -796 -787 -77.1 -75o9 75o3 74 , 9 74 0 7 
Me 3-D-rlopyranoside H 2  0 
.-1256 -125 1 -1245 -1236 -1229 -1223 -1219 -1216 
DMSO 1119 1115 111o1 1104 -11000 1099 1101 1105 
Dioxan -1332 -1339 1345 135 8 437 0 1382 1395 4407 
APPENDIX 2 (Continued) 
Value of c.m. at the temperature indicated (degrees) 
Sample 	 Solvent 20 25 30 40 50 60 70 80 
Me 	—D--galactopyranoside 	 H 2 
 0 —kO —16 —22 —3.4 —4.5 -507 —69 —8.1 
S0. —271 —27.2. —272 —272 —27.2 —272 —272 —272 
Dioxan —57.7 —57.1 —567 —55.7 —550 —54.5 —541 —.53o9 
Styracitol (10 an1ydro mannitol) 	H20 -9705 —976 —976 —97.7 —978 —97o9 —980 —980 
DM30 .-.101,0 -9909 ....989 971 95o5 94O 928 91o7 
-'U 
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U 
APPENDIX 3 
The Variation of the Compensated Molecular and Specific (in brackets) Rotations with Temperature at W546 
Value of c.m.r0 and c.sor.(in brackets)at the temperature indicated 
• 	 / 
Sample Solvent 20 25 30• 40 50 60 70 80 
Methyl 3—cellobioside H 2  0 -7705 —76.7 —75o5 —74o5 
• —73o2 L7203 71o5 —708 
• (-218) (-21.6) (-213) (-210) (-206) (-203) (-20.0) (-198) 
DM50 822 809 _79o4 768 745 725 -7007 ...690 
(-233) (-228) (-223) (-215) (-209) (-202) (-199) (-1905) 
Methyl 3—ma1toside H 2  0 3385 3386 3388 339 1 339o5 339 8 
3403 3407 
• 	Monohydrate (90.o5) (905) (906) (907) (908) (909) (91.0) (91o1) 
DMSO 2524 2547 2572 2615 2658 2696 2732 2766 
(675) (681) (687) (699) (71o0) (721) (730) (73o9) 
Dioxan 2484 2521 2557 2629 2697 2758 2797 2840 • 
(665) (675)  (684) (7003) (721) (7307) (7500) (758) 
Methyl c&—sophoroside H20 267.4 2685 2677 '2679  268.1 2682 2683 2682 
(75o1) (751) (752) (75.3) (7504) (75 0 4) (75 0 3) (75 0 3) 
DMSO 265.5 265.9 266.4 267.2 267.7 267.7 2673 266.6 
(74.4) (74.6) (74.8) (75 00) (75.1) (7501) (7500) (74.8) 
Sample 
S.. ,oc -Trehalose 
1 25 Anhydro 4-(04-D-
glucopyranosyl)-D-
sorbitol 
Value of c.m.r. and c.sor.(in brackets) at the temperature. indicated 
Solvent 20 25 30 40 50 60 70 80 
H20 73903 7 39 03  739 2 7391 739 0 7389 7387 7386 
(2159) (2159) (2159) (2159) (2159) (2159) (2158) (215.7) 
S0 685.6 686.6 68705 6894 690.9 692.1 693.0 693.7 
(200.4) (199.7) (200.9) (201o4) (2018) (202.2) (2024) (202.7) 
H20 111.5 111.2 111.0 1104 1098 109.0 10801 1072 
(34 2 ) . (3402) (340 1) (33 0 9) (33 0 7) (33 0 5) (3302) (3209) 
DMSO 91.9 91.5 91.1 90.2 89.2 88.0 867 854 
(28.2) (28.1) (28.0) (27.6) (27.3) (26.9) (26.6) (26.2) 
ALGFIT : COMPUTER PROGRAM FOR THE DETERMINATION OF ALGINATE 
BLOCK STRUCTURE 
ALGF1 T 
50 PRINT, "IOU DONT SUCCEED" 
100 $FILE EDSM,EDSALT,GPH, 
110 + SSDJPH,F347PH,AUSTPH,F387PH,CL47rH,CL41PH,CJL44 
120 EXTERNAL LEASQ 
130 DIMENSION L(33),Y(66),<ALG(33),<BLO(33) 
140 DIMENSION MAP(65),F(3),DF(3) 
150 REAL MM(33),MG(33),6G(33) 
160 COMMON MM,MG,GG,KELO,KALG,W.,Y,NV 
170 1 READ(1) AWL,AMM 
180 READ(2) A.L,AMG 
190 READ( 3) AWL, AGG 





250 t'.L (N) AWL 
260 KBLO(N)1 
270 IF(ENDFILE 1) 1,99 
280 99:PRINT,"FILE NUMBER", 
281 REWIND 1;REWIND 2 ;REWIND 3 
290 INPUT,NFILE 
300 3 READ(NFILE) At,ALG 




350 IF(ENDFILE NFILE)3, 5 
360 5 REWIND N FILE 
370 PRINT, "ESTIMATED FRACTIONS OF M, LT +. G", 
3X0 INPUT,F 
390 NV3 
00 PRINT, "ITERATE? TABLE? GRAPH", 
410 INPUT, c[T,< TAB, KGR 
420 DJ 41 1=1,3; 41:DF(I)=0.1 
430 ERR1.OE-9 
440 IF(KIT-"YES") 40,98,40'  
450 93 PRINT, "FORCE FIT TO I-00 11 1 
T60 INPUT,}(FF 
470 IF(KFF-"YES") 39,97,39 ;97: 
480 NV=2 
490 39 CALL RESET (NV) 
500 CALL SIMPLX(LEASO,.DI FF,NV, F, DF, 2000, 25, ERR,NI TER) 
510 IF (<FF-"YES") 95,94,95; 94:F(3)=1.0-F(1)-F(2); 95: 
520 PRINTFI,NITER,DIFF,F 
530 Fl: FORMAT (/15," ITERATIONS, RESIDUAL SUM OF SO'S ", F8. 4// 
540 + 	"CALCULATED PROPORTIONS ARE", F6. 3, ": ", F6.3, 11 : ", F6.3)  
550 40: 
560 6 TOT=0.0 
570 IF U<TAB-"NO") 114, 1.13, 11'U 114: 
- 
/ 
ALGI T CONTINUED 
	
•, PHINT,??," 	WAVELENGTH 	ALGINATE 	FITTED 	DI FFERENC 
5v(:) 113: 
6()0 DO 22 1=1,33 
610 IF (I<ALG(I)*<BLO(I)) 22,22,1O 
620 1.0 Y CAL CABS(F( 1)) *MM (I)+AB(F(2))*MGCI)+A6S(F(3*( 
630 y(33+I)=YCALC 
640 IF' (K TAB— "NO ") 112,22,112; 112: 
650 DIFFABS(Y(I)Y CAL C) 
660 PRINT, WL(I),Y(I),YCALC, DI FF 
670 22 CONTINUE 
680 IF (<GR—"YES") 99, 7,99 
690 7 lEL" 
700.M1="l" 	. 
730 181 G= I 
720 IS1L=1 
730 PRINT, t?,"GRAPH",t 
740 DO 101 J=2,66 
750 IF(Y(J)—Y(IBIG)) 102 
760 IBIG=J;GOTO 101 






830 ISTEP=IFIX(YRNGE.'63) 4 1 
840 810.0/ISTEP 
850 A8*Y8G 
860-I BL= A+1.5 
870 1)) 113 JJ=1,33; J=3'—JJ 
880 IF(KALG(J)*)<.BLO(J)) 109,108 
890 109: 
900 DO 103 I= 1, 64 	 ,. 




930 NOBSOBS+0. •5 
940 NCALCAL+0.5 
950 IF(A8S(O Bb— CAL) 1.0) 105,104,104 
960 105 NIAP(NOBS)"*" 
970 GO TO 106 	-. 	 0 
980 104 MAP(NOBS)"." 
990 MAP(N CAL) "+" 
1000 106 
1010 NPR=MAXO (NO BS, N CAL, ISL) 
1020 PRINT 107, .L(J),'(lAP(I),IQ,NPR) 
10300 107 FORMAT (F6. 1,2X,64A1) 
1040 GOTO 111 
1050 108 1Z7+IBL 
a 
46 
AL (iF IT WNTINUEI) 
60 PRINT I 10, (MBL, 1=1, IZ),MI 
1070 110 FORMAT(72A1) 
1080 111: 
1090 PRINT, '"ONE INCH REPRESENTS", I STEP," 	GARY INCHES",' 
1100 GOTO.99 
1110 STOP; END 
1120 -SUSE SIMPLX 
1130 SUBROUTINE LEASO( TOT, F) 
1140 COMMON MM, MG, 6G,RELOKALG WL,Y,NV 
1150 DIMENSION L(33),Y(66),KALG(33),<BLO(33) 
1160 REAL MM(33),MG(33.)GG(33),F(3) 




1210 TOT= O.0 
1220 DO I J= 1, 33 
1230 I= 34—J 
1240 IF<ALG(I)*)<BLO(I)) 1,1,2 
1250 2 IF (II) 4,3,4 
1260 3 11=1 
1270 W7=1.0 
123060 TO 5 
1290 4 WF= 1. c,'c 1.0+5. O*ABS(Y( I )—YOLD)) 
1300 5 YOLL)=Y(I) 
1310 YCALC=ABS(F( 1))*MM(I)+ABS(F(2))*MG(I)+ABS(F(3))*GG(I) 
1320 TOT=TOT+(Y( I )—YCPLC)**2* WF 
1330 1 CONTINUE 
1340 RETURN; END 
1350 SUBROUTINE MONITR (IV,PREC,VAL,ARR,LOW,IRTN) 
1360 DIMENSION ARR(20,20) 
1370 60 TO 15 
1330 ENTRY RESET NNV 
1390 I TIM= 0 
1400 NVN'JV 
l'ilO RETURN; 15: 
1420 IF (ITIM) 10,11,10; 12 
1430 IF (N V-2) 1, 2, 1; 2: ARR(LO W,)= I • 0—ARR(L0W, 1)—ARt<(LOW, 2); 1: 
1440 PRINT Fl, IV,VAL,ARR(LOW, 1),AR(LOW,2),PRR(LOW,3) 
1450 Fl: FORMAT ("EVS = ", IS,", VAL = ", F7. 5, lOX, 
1460 + 	"M: A: 6 = ", 3F5. 3) 
1470 PRINT,"CARRY ON", 
1480 INPUT, KCO - 
1490 IF (I<CO—"YES") 3,A,3 
1500 3:IRTN=-1 
1510 4: RETURN 
1520 1 1:PRINT, "QUIET",; INPUT, KQU 
1530 ITIM=-1 
1540 10:IF ((OU—"YES") 12, 4, 12 
